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LEG SPRING MODEL RELATED TO MUSCLE ACTIVATION, FORCE, AND 

KINEMATIC PATTERNS DURING ENDURANCE RUNNING 

TO VOLUNTARY EXHAUSTION 

CHAPTER! 

INTRODUCTION 

The breakdown in running form that often occurs during competitive events is 
commonly observed.  It is often almost painful to watch well-trained athletes, who under 
normal circumstances have such grace and fluidity, fall apart technically to the point 
where running seems awkward and forced.  The visually spectacular breakdown of 
running mechanics invites numerous speculations as to how this happens.  The only 
common conclusion is that this phenomenon is not easily explained.  Breakdown in 
running form is probably a cumulative effect of physiological, neurological, and 
mechanical parameters.  Finding factors from each system which contribute to fatigue is a 
difficult and ongoing process, but with advances in medical technology, some options 
may be eliminated or highlighted in their contribution to fatigue.  An example of this is 
the use of magnetic resonance spectroscopy to determine what muscular intracellular 
metabolites change during a sustained maximal contraction (Kent-Braun, 1999).  In the 
current investigation, a vertical force measuring treadmill is used to explore relationships 
between exhaustion and vertical force patterns.  With this treadmill, not only can force 
variables be measured, but these data can then be used to determine mechanical 
parameters that apply to the body. 
Using vertical force data, spring constants can be calculated for the leg and the 
vertical body motion based on a simple, spring-mass model.  The spring-mass model as 2 
applied to the human body has been well-developed (Blickhan, 1989; Farley & Gonzalez, 
1996; He, Kram, & McMahon, 1991; McMahon & Cheng, 1990;McMahon, Valiant, & 
Fredericks, 1987). It is very simple, but can explain a variety of leg and body responses 
during hopping and running.  The plausibility of using this model in a study of athletes 
running to exhaustion is based on two observations from published literature.  First is the 
observation that stride rate increases or decreases with exhaustion while running at 
constant speed (Bates, Ostemig & James, 1977; Candau, Belli, Millet, Georges, Bardier 
& Rouillon, 1998; Elliot & Ackland, 1981; Elliot & Roberts, 1981; Siler & Martin, 1991; 
Verbitsky, Mizrahi, Voloshin, Treiger & Isakov, 1998; Williams, Snow &  Arguss, 1991). 
Stride rate is generally considered to be invariant under normal, rested conditions, in that 
an individual runner will adopt the same (preferred) stride rate for a given speed. 
Further, metabolic cost is lowest at the preferred stride rate (Cavanagh & Kram, 1990; 
Cavanagh & Williams, 1982; Hamill, Derrick & Holt, 1995).  Therefore changes from 
preferred may be metabolically disadvantageous to the runner.  The second observation 
from the literature, that ties the observed increases and decreases in stride rate to the 
spring-mass model, is that leg and vertical stiffness increase and decrease proportionately 
to stride rate when running at a constant speed (Farley & Gonzalez, 1996).  Thus, it is 
possible that changes in stride rate with exhaustion are indicative of altered leg stiffness, 
which gives a mechanical measure to this phenomenon of fatigue. 
Ifthe link between exhaustion, stride rate, and spring-mass parameters is made, it 
would be interesting to determine if relationships exist between stiffness and other more 
general biomechanical parameters, namely leg kinematics and lower limb muscle activity 
(as measured with electromyography [EMG]).  Leg kinematics, in this instance, refer to 3 
angular kinematics of the ankle, knee, and hip (or thigh segment) joints.  The most 
common angular kinematic changes observed with fatigue are changes in thigh angular 
range of motion and the angle of the shank at heel strike (Bates, Ostemig & James, 1977; 
Elliott & Roberts, 1980; Elliot & Ackland, 1981; Siler & Martin, 1991).  Generally, thigh 
range of motion increases and angle of the shank decreases with respect to vertical as a 
runner fatigues.  It is interesting that thigh angle at mid-stance greatly increases, most 
likely increasing thigh range of motion, during "Groucho" running (McMahon, Valiant & 
Fredericks, 1987).  During "Groucho" running (running with technique that Groucho 
Marx used) leg stiffness is significantly reduced.  The relationship of thigh motion during 
Groucho running and observed changes in thigh range of motion may provide further 
confirmation that body (or leg) stiffness change with exhaustion during running.  By 
observing and relating lower limb joint angular measures, there may be some common 
relationship that can be found between joint kinematics and stiffness changes with 
exhaustion. 
Muscle activation level of the lower limb musculature has been observed to 
change with muscular fatigue.  Several methods of EMG analysis have been used to 
quantify muscle electrical activity, but the IEMG (integrated EMG) is more commonly 
used.  IEMG provides the strength of muscle activation.  With fatigue, IEMG has been 
observed to increase or decrease depending on the type of activity, muscle fiber 
composition of the subject, and training status of the subject (Ament, Bonga, Hof & 
Verkerke, 1996; Bigland-Ritchie, Donovan & Roussos, 1981; Gollhofer, Komi, Fjitsuka 
& Miyashita, 1987; Lorentzon, Johansson, Sjostrom, Fagerlund & Fugl-Meyer, 1988; 
Mills, 1982; Moritani, Odds  on & Thorstensson, 1990; Nicol, Komi & Marconnet, 1991; 4 
Nummela, Vuorimaa & Rusko, 1992; Nummela, Rusko & Mero, 1994; Paavolainen, 
Hakkinen, Nummela & Rusko, 1994).  Over long duration exercise, with muscle activity 
measured before and after a marathon run, IEMG values for vastus medialis and vastus 
lateralis were found to be lower after the run (Nicol et al.  1991).  Force generating 
capacity of the two vasti muscles was also reduced after the run.  Reduced force 
generation capability may influence joint kinematics, since specific muscle activation 
patterns will be necessary to produce appropriate segment motion.  If this is true, then 
there may some relationship between IEMG levels, leg and vertical stiffness. 
Three research questions were involved with the current studies.  Based on prior 
research, both kinematic and EMG change with fatigue are known to occur.  Do leg 
stiffness and vertical stiffness also change with fatigue in running to exhaustion?  If 
stiffness changes, can it be explained by changes in muscular activation and kinematic 
patterns?  Ground reaction forces are an integral part of determining leg and vertical 
stiffness.  How do vertical ground reaction force characteristics change during the course 
of running to exhaustion? 5 
CHAPTER 2 

SPRING CHARACTERISTICS DURING TREADMILL ENDURANCE 

RUNNING TO VOLUNTARY EXHAUSTION 

Darren J. Dutto and Gerald A. Smith 
Department of Exercise and Sport Science 

Oregon State University, Corvallis, Oregon 
6 
Abstract 
Running was modeled as a mass-spring and stiffness characteristics were 
determined during a treadmill run to exhaustion.  Fifteen runners performed a test run at a 
constant speed that elicited approximately 80% of their V02 peak.  The run was 
performed on a treadmill instrumented to measure vertical ground reaction forces; 
vertical stiffness (kyert)  and leg stiffness (kleg)  were calculated from these forces.  Force 
data were sampled every 5 minutes for 15 seconds and immediately prior to the end of 
the test.  From the force data, 35 - 40 individual stance periods were identified, and 
stiffness values were determined for each stance period.  Based on single-subject 
ANOVA analysis, 14 of the 15 runners experienced significant (p  ~  0.01) changes in kyert 
over the run. The correlation between changes in stride rate and kyert over the test was 
very strong (r =0.85), agreeing with previous research.  Changes in vertical stiffness 
were due to changes in vertical displacement of the center of mass, as opposed to changes 
in active peak force.  Leg stiffness was also observed to change over the test run. These 
changes were due to altered leg length changes rather than active peak force over the run. 
The results of this study indicate that the body continues to behave like a simple spring­
mass system during running to exhaustion, and that changes in stiffness characteristics 
may be at least partially responsible for altered running mechanics with fatigue. 7 
Introduction 
A spring-mass model is a simple representation of the body with a leg replaced by 
a linear spring and body mass reduced to a point on top of the spring (Blickhan, 1989; 
Farley & Gonzalez, 1996; He et al., 1991; McMahon & Cheng, 1990; McMahon et al., 
1987).  This simple model has been found to fit various locomotive parameters quite 
well.  The spring-like behavior of the leg affects several factors in running including 
center of mass displacement, foot contact time, and stride rate.  In particular the leg can 
be described in terms of a stiffness constant, k1eg•  The stiffness of the leg affects the 
movement of the body's center of mass, especially (and importantly for a runner) in the 
vertical direction.  A separate stiffness value, vertical stiffness (kvert), of the body can 
also be identified.  Both of these parameters, k1eg and kvert• provide global, external 
descriptions of the leg and body during the stance phase of running, and have been used 
in this capacity in several studies.  For example, it has been established that vertical 
stiffness increases linearly with speed, but leg stiffness is held relatively constant across 
speeds (He et al., 1991; McMahon et al., 1987).  While running at constant speed, both 
leg stiffness and vertical stiffness change proportional to an alteration in stride rate from 
the runner's preferred stride rate (Farley & Gonzalez, 1996).  The anatomical structures 
that determine the stiffness values include the muscles, tendons, and ligaments, 
particularly of the leg.  The only structure that can be adjusted mechanically is muscle in 
that the contractile force magnitude and timing can be adjusted based on the degree of 
neural input from either reflex action or central drive.  The control of muscle activation 
and the degrees of freedom within a joint, help to determine the kinematics of a limb 
during motion.  Changing the kinematics of the leg during running can affect leg 8 
stiffness, as seen in the extreme case of "Groucho" running (McMahon et aI.,  1987). 
Running "Groucho" style involves consciously increasing foot contact time (without 
changing stride rate) and decreasing the thigh angle relative to horizontal at heel strike 
which results in a lower leg stiffness.  Imposed changes on a runner, changing from 
preferred stride rate for a given speed for example, also will cause kinematic changes 
based on the relationship of stride and stride length. 
Some attempt has been made to change leg kinematics by inducing fatigue 
(leading to exhaustion) during running.  Both global and more specific leg kinematics 
have been found to change with performance to exhaustion.  On a general level, stride 
frequency has been observed to increase (Elliot & Roberts, 1981), decrease (Bates et aI., 
1977; Candau et aI., 1998; Siler & Martin, 1991; Verbitsky et al., 1998; Williams et aI., 
1991) and remain constant (Elliot & Ackland, 1981) with fatigue.  Changes in stride rate 
may be metabolically costly to the runner as shifting from the preferred stride rate (or 
stride length) increases oxygen consumption at a given speed (Cavanagh & Williams, 
1982; Cavanagh & Kram, 1990; Hamill et aI.,  1997).  Stride length was observed to 
increase substantially during "Groucho" running at any speed when compared to normal 
running with an accompanying increase in oxygen consumption (McMahon et aI.,  1987). 
Thus, altering stride rate (or stride length) while running at constant speed is indicative of 
a possible change in leg and/or vertical stiffness during running and increasing metabolic 
cost.  Changes in stride rate during exhaustive runs may be counterproductive, and 
probably are involuntary on the part of the individual.  When viewed in terms of altered 
leg kinematics and the muscle activation patterns necessary to generate these changes, it 
becomes apparent that there is a complex interweaving of mechanical, neurological, and 9 
physiological factors that are responsible or result from exhaustive running.  Reviews 
dealing with some of these factors and the development of fatigue include Enoka & 
Stuart (1992) and Fitts (1994). 
Unfortunately, it is somewhat difficult to measure parameters from all three 
factors (mechanical, neurological, physiological) at the same time during exhaustive 
running.  Shifts in stride rate during long runs may be due to changes in vertical and leg 
stiffness.  Understanding leg mechanics during exhaustive runs may narrow the search 
for physiological and neurological fatigue factors by focusing on those parameters that 
influence stiffness.  Further, alterations in stiffness may place increased or different 
loading patterns on the non-muscular connective tissue in the lower limb.  Changes in 
loading pattern of the various tendons and ligaments of the leg may increase the risk of 
stress injury in the lower limb joints.  The purpose of the present study was to determine 
if vertical and leg stiffness were associated with stride rate changes during a medium­
distance, intense run to exhaustion.  The spring-mass model was used to determine the 
mechanical characteristics of the leg and body. 
Methods 
Subjects. Fifteen (4 females;  11 males) well-trained runners were recruited to 
participate.  All subjects provided informed consent (see Appendix B) within guidelines 
established by the University Institutional Review Board.  Descriptive data are given in 
Table 2.1.  Recruited runners were actively training for races ranging in distance from 10 
km to 50 km, and training a minimum of 25 miles per week.  All subjects were free of 
injury at the time of testing.  Participating runners wore their own running shoes and 10 
Table 2.1 

Subject Characteristic Data. 

Age  Mass  LL  Test Speed  Duration 
Subject  Gender  (yrs)  (kg)  (m)  (m/s)  (min) 
1  M  21  66  0.99  4.02  61 
2  M  38  73  0.99  4.25  72 
3  M  18  66  0.92  4.56  37 
4  M  18  64  0.94  4.05  70 
5  M  35  82  1.01  3.67  78 
6  F  31  61  0.94  3.12  83 
7  M  29  67  0.99  4.11  41 
8  M  30  79  0.99  4.25  45 
9  M  27  69  0.93  4.63  46 
10  M  20  77  0.99  3.88  70 
11  M  38  87  0.99  3.86  55 
12  F  31  51  0.89  4.08  36 
13  M  33  70  0.99  4.12  90 
14  F  25  55  1.03  4.03  31 
15  F  30  53  0.89  3.83  45 
clothing during the test.  Additionally, subjects were asked to wear a telemetered heart 
rate monitor, so that heart rate could be recorded throughout the test. 
Leg length was determined for each subject prior to the running test.  Initial leg 
length (1.0) was measured as the subject stood with feet shoulder width apart.  A tape 
measure was used to determine the distance between the superior aspect of the greater 
trochanter of the femur and the floor.  The measured leg length included the footwear of 
the runner. 
Test speed determination.  A maximal oxygen uptake test was used to determine 
test speed for each subject.  All subjects performed 5 sub-maximal runs followed 
immediately by a graded run to exhaustion, during which oxygen consumption and heart 
rate were monitored.  The duration of each sub-maximal stage was four minutes and the ----
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V02 values for the last two minutes were used to determine the oxygen cost for that 
speed. Oxygen consumption values from the five sub-maximal speeds were used to 
develop a regression equation with V02 as the predictor of speed.  This regression 
equation and an oxygen consumption value of 80% of the peak oxygen value were used 
to determine a test speed.  An example of this process is illustrated in Figure 2.1  for 
Subject 7. 
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Figure 2.1 
Example plot for determination of test speed for Subject 7. 
Testing Apparatus. A treadmill (Quinton Q55) instrumented to measure vertical 
ground reaction force was used for the test run (Figure 2.2).  Vertical ground reaction 
force was determined via 6 uniaxial force transducers (PCB Electronics 208A03 and 
208A02) spaced evenly beneath the bed of the treadmill.  The instrumented treadmill's 
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Hardward set-up and data flowchart.  The top figure depicts the treadmill set-up during 

testing.  The flowchart shows the flow of data during testing. 
13 
by Fewster (1996).  A microcomputer equipped with an analog-to-digital conversion 
board (Metrabyte DAS-16) was used for all data sampling.  Force data were measured at 
a sweep rate of 1000 Hz. 
The investigator controlled the treadmill speed.  Constant speed was maintained 
throughout the duration of the test.  In order to assure constant speed, treadmill belt speed 
was monitored periodically with a handheld, digital tachometer (Model 21 C 13, Kernco 
Instruments Co.), and adjusted as necessary. 
Experimental Calculations.  Experimental calculations involved determining the 
spring properties of the leg and of the body's vertical motion (Figure 2.3).  Calculations 
used in this study are similar to those described elsewhere (Farley & Gonzalez, 1996; He, 
Kram, & McMahon, 1991; McMahon & Cheng, 1990; see Appendix A for details). 
Figure 2.3 
Graphic of the leg (depicted as a spring) during the stance phase of running based on the 
mass spring model.  This figure is adapted from similar figures in McMahon and Cheng 
(1990) and Farley and Gonzalez (1996).  In the picture, the system is moving from left to 
right.  The middle figure depicts mid-stance and theta (8) depicts half of the angle swept 
by the leg spring during stance. 14 
Vertical stiffness is a function of the peak vertical force and the maximum displacement 
of the center of mass during stance.  Leg stiffness is a function of the peak vertical force 
and the change in leg length during stance.  Variables required from the vertical ground 
reaction force data include active peak vertical force, displacement of the center of mass 
during stance, change in leg length during stance, stride rate, foot contact time, and half 
of the angle swept by the leg during stance. 
Procedures.  After a brief warm-up, each subject performed a run to exhaustion at 
a speed that approximately elicited 80% of peak V02 (predicted from the regression 
described above).  Rather than an invasive fatigue measure, it was the runner's decision 
to continue or halt the test based on perceived degree of fatigue in conjunction with the 
ability to maintain the test speed.  Each subject attempted to inform the investigator one 
to two minutes prior to ending the test in order to allow for a final 15 sec force collection 
period.  In order to determine the effort put forth during the run, heart rate was recorded 
every 5 minutes and at the end of the run. 
Vertical force data were collected for 15 seconds every five minutes throughout 
the test and just prior to test cessation.  From each 15 seconds of force data, 35 to 40 
steps were identified by marking the heel-strike and toe-off points.  For two subjects 
(numbers 8 and 10), only 12 to 14 steps were measured due to experimenter error (5 
second data collection periods rather than 15 seconds).  For each of the identified steps, 
the variables of interest were determined.  Right and left leg data were merged in the 
analysis. 
Data Analysis.  Data analyzed for this investigation represent stiffness 
characteristics from each collection period during the test run.  It was expected that test 15 
run duration would vary between subjects, but by referring to time points relatively (as a 
percent of total run time) rather than absolutely, observations across subjects can be 
presented.  It was assumed that each runner's test ended in exhaustion. 
A single subject design was implemented for this study.  Given that individual 
variations tend to be lost in a group design, within subject analysis allows individual 
reactions to exhausting runs to be investigated.  A single factor analysis of variance 
(ANOV  A) was used to determine if kvert changes over time.  An eta squared (Tl
2
)  was 
used to determine the strength of association between kvert and time.  Pair-wise post-hoc 
analysis (Tukey HSD) was used to determine which time periods significantly changed 
from time O.  For all analyses, the alpha level was set at 0.01.  Because of the large 
number of analyses, Type-I error becomes a concern.  With an ANOV  A run for each of 
the 15 subjects, some significant changes in stiffness were perhaps due to ran,dom 
measurement variation rather than real changes. 
Results 
Subjects and determination oftest speed.  Run times for the 15 subjects ranged 
from 31 to 90 minutes in length (Table 2.1).  From the duration of some of the test runs, 
some subjects were probably running below 80% of V02 peak.  Working at 80% of V02 
peak, exhaustion might be expected to occur between 30 and 60 minutes, although some 
runners might be able to continue up to 90 minutes or longer (Costill, 1979; Kolkhorst, 
MacTaggert & Hansen, 1998; Sproule, 1998; Xu & Mongomery, 1995).  Regardless of 
workload, the task for subjects of this study was continued running to exhaustion. 
Twelve subjects did exactly that, while three subjects (numbers 6, 11, 13) stopped early 16 
for other reasons, although all three expressed that they were close to exhaustion at the 
time the decision was made to end the run.  Data for these three subjects were included in 
the analysis; therefore it should be recognized that end point values for these subjects 
may be affected.  Heart rate data for beginning and end of the run are presented in Table 
2.2 as an indication of performance efforts of all subjects during the test. 
Temporal Characteristics.  Ten of the fifteen runners experienced small, 
statistically significant changes in stride rate (Table 2.3).  The tendency was to decrease 
stride rate over the course of the run.  The degree of change from initial stride rate ranged 
from -3.7 to 4.4%, with eight runners decreasing and two runners increasing stride rate. 
Though small, these changes represent a deviation from a preferred stride rate at the test 
Table 2.2 

Heart Rate Data. 

Subject  MaximumHR *  Beg  End  % of Max 
1  190  170  189  99 
2  196  162  179  91 
3  192  176  195  102 
4  202  177  --­
5  175  150  162  93 
6  196  158  188  96 
7  189  176  190  101 
8  206  172  192  93 
9  193  :j:  159  177  92 
10  211  181  198  94 
11  182 :j:  150  175  96 
12  191  162  176  92 
13  189  141  170  90 
14  174  162  170  98 
15  186  167  181  97 
*  = Maximum heart rate achIeved dunng the maXImum V02 test 
:j: = Maximum heart rate not measured during the max V02 test.  Value 
given represents an estimated maximum heart rate based on the 
standard equation of 220 - age. 17 
speed.  The time during which the foot was in contact with the ground also changed. 
Statistically different foot contact times were observed for 9 of the subjects (Table 2.3). 
The observed changes ranged from -3.9 to 8.7% of the average foot contact time of the 
first sample.  Nine runners increased and six runners decreased foot contact time. 
Vertical Stiffness.  Vertical leg stiffness was determined from ground reaction 
.  force data, which are dealt with separately in Chapter 4.  Appendix D includes individual 
subject ground reaction force data.  Significant changes in kvert were observed in  14 
subjects (Table 2.4).  While significant changes were observed, the strength of 
association (practical significance) was between 6 and 39% across these 14 runners. 
Twelve runners decreased vertical stiffness (up to -8.7%) and two runners increased 
Table 2.3 

Temporal characteristics during the beginning and end of the test run. The percent change 

in stride rate and foot contact time are also included. 

Stride Rate (hz)  Foot Contact (s) 
Subject  Beg  End  %Change  Beg  End  %Change 
1  1.39  1.39  0  0.232  0.231  -0.3 
2  1.51  1.45  -3.7 *  0.203  0.209  2.8 * 
3  1.42  1.39  -2.0 *  0.213  0.215  0.9 
4  1.46  1.43  -2.1 *  0.217  0.217  -0.1 
5  1.38  1.38  0  0.251  0.258  2.9 * 
6  1.36  1.39  1.8 *  0.262  0.270  3.0 * 
7  1.42  1.40  -1.3 *  0.233  0.227  -2.6 * 
8  1.40  1.35  -3.7 *  0.232  0.237  2.0 
9  1.32  1.38  4.4 *  0.202  0.203  0.5 
10  1.38  1.41  2.0  0.251  0.242  -3.9 * 
11  1.26  1.23  -2.7 *  0.262  0.261  -0.4 
12  1.56  1.51  -3.0 *  0.213  0.217  1.7 * 
13  1.60  1.50  -6.3 *  0.237  0.234  -1.6 * 
14  1.57  1.53  -2.8 *  0.209  0.227  8.7 * 
15  1.56  1.54  1.3 *  0.222  0.230  3.2 * 
* =indicates difference at p < 0.01 18 
Table 2.4. 
Vertical Stiffness ANOVA Results. 
The column titled 'Result' indicates whether vertical stiffness increased or decreased 
over the test run.  Results of the post-hoc analysis are somewhat varied.  The term 
'Linear' refers to a trend of constant change over the run, otherwise the time points of 
change and direction are given. 
Subject  Result  F  112 (%)  Significance  Post-Hoc Analysis 
1  No change  1.26  - .241  ------------­
2  Decrease  12.41  18  <.001  Linear 
3  Decrease  10.55  20  <.001  Decrease at 25 min. 
4  Decrease  12.73  23  <.001  'Level' from 25 min on 
5  Decrease  6.578  14  <.001  Up and down 
6  Increase  10.01  20  <.001  Linear 
7  Decrease  8.37  16  <.001  Dec. to 25 min, inc. to end 
8  Decrease  6.57  36  <.001  Linear 
9  Increase  2.44  6  .01  Linear 
10  Increase  4.80  30  <.001  Increase at 60 min. 
11  Decrease  8.46  18  <.001  Linear 
12  Decrease  15.52  26  <.001  Linear 
13  Decrease  59.84  26  <.001  Linear 
14  Decrease  29.52  39  <.001  Linear 
15  Decrease  7.98  15  <.001  Inc. to 30 min, dec. to end 
vertical stiffness (up to 6%).  The magnitude of the stiffness values and the changes in 
stiffness varied between subjects, as would be expected with the different test speeds 
(Figures 2.4a and 2.4b).  The results of the ANOV  A indicate significant changes in 
vertical stiffness for some subjects, though this may not be readily apparent from 
examining the values in Figure 2.4a and 2.4b.  Inconsistent and non-linear vertical 
stiffness data were observed for some subjects.  Subjects 7 and 15 show a U and inverted 
U pattern respectively, subject 13 has some variability towards the beginning of the test, 
and subjects 5 and 6 had deviations throughout the test.  These patterns are indicative of 
the inherent individuality of response to exhaustive runs, or possibly due to the runner's 19 
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Figure 2.4a 

Vertical stiffness vs. run time for runners that reduced vertical stiffness during the run. 
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Figure 2.4b 

Vertical stiffness vs. run time for runners with either increased or fairly constant stiffness. 
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21 
behavior during the sampling period.  The subject's position on the treadmill may 
influence the measured stiffness values.  A runner that was drifting back on the treadmill 
generally increases stride rate and/or stride length to move forward on the treadmill. 
Despite encouragement from the investigator to run in the middle of the treadmill, some 
drift by the runners probably occurred. 
Farley & Gonzalez (1996) demonstrated that, at a constant speed under non­
fatigued conditions, changes in stride rate are proportional to change in vertical stiffness. 
Results from the current study of a run to exhaustion agree with the findings of Farley 
and Gonzalez. Changes in both vertical stiffness and stride rate occurred over the course 
of the test run.  Across all runners, there is a strong relationship (r =0.85, Figure 2.5) 
between the percent change in stride rate and percent change in vertical stiffness.  Farley 
and Gonzalez also showed that the observed change was due mostly to a change in 
vertical displacement of the center of mass and not necessarily to a change in peak 
vertical force. Indeed, there is a fairly strong relationship (r =-0.78, Figure 2.6) between 
change in kvert and displacement of the center of mass.  The negative correlation value 
demonstrates that with a decrease in center of mass displacement during stance, there is 
an associated increase in vertical stiffness.  The relationship between change in kvert and 
change in peak vertical force is very weak (r =-0.22, Figure 2.6).  Displacement of center 
of mass and kvert were strongly correlated for all subjects (0.63 < r < 0.98, Table 2.5), 
while the correlation values for peak vertical force and kvert were somewhat inconsistent 
(-0.88 < r < 0.56, Table 2.5). 
While general differences in vertical stiffness were observed, the pattern of 
change during the run may also be important.  Some of the subjects (numbers 2, 6, 22 
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Change in stride rate and change in vertical stiffness, kvert. 
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Figure 2.6 
Change in vertical stiffness, kvert• and the change in displacement of the center of mass 
(squares) and the change in the maximum active force (open circles). 23 
Table 2.5 

Correlations between kvert' center of mass displacement (CM Disp), active peak force 

(APF), and k1eg. 

Kvert and 
CM Disp 
Kvert and 
APF 
Kvert and 
Kle!! 
Subiect  r  r  r 
1  0.95  -0.69  0.50 
2  0.79  0.56  0.88 
3  0.94  -0.17  0.88 
4  0.95  -0.46  0.58 
5  0.78  -0.02  0.70 
6  0.98  -0.88  0.04 
7  0.81  -0.01  0.58 
8  0.92  0.05  0.78 
9  0.63  -0.39  -0.03 
10  0.82  0.12  0.94 
11  0.89  -0.17  0.79 
12  0.96  -0.63  0.88 
13  0.98  -0.82  0.95 
14  0.96  0.44  0.92 
15  0.94  -0.72  0.26 
8,9, 11, 12, 13, 14) presented a rather monotonic change in vertical stiffness over the run, 
while others had periods of nearly constant stiffness as well as periods that changed.  For 
example, subject 4 had a decline in vertical stiffness over the first 20 minutes of running 
followed by a fairly steady kvert value over the remainder of the run. The U and inverted 
U patterns of subjects 7 and 15 indicate a non-linear change in kvert. 
Leg Stiffness.  Since changes in vertical stiffness occurred for may runners, leg 
stiffness should also be affected.  Indeed, leg stiffness did change.  This can be seen when 
comparing the beginning leg stiffness with that observed at the end of the run (Figure 
2.7).  For most of the runners (n = 10), there was at least a moderate relationship (r  ~ 
0.70) between k1eg and kvert (Table 2.5).  There is also a moderate correlation (r =0.64, ----
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Leg Stiffness, kleg, at the beginning and end of run. 
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Figure 2.8) between the change in leg stiffness and the change in vertical stiffness from 
beginning to end of the test run.  While there was some correlation between k1eg and kverh 
the relationship between the change in kleg and change in stride rate is weak (r =0.26). 
Increased or decreased leg stiffness was due primarily to changes in the degree of leg 
displacement, and not to changes in the peak vertical force (Figure 2.9). 
Discussion 
Over the duration of an intense, medium distance run, the spring-like properties of 
the leg change in accordance with the spring-mass model.  Farley and Gonzalez (1996) 
showed that stride rate, vertical stiffness, and leg stiffness are all linearly related.  Thus, a 
change in one parameter should be indicative of changes in the other parameters.  In 
particular, the relationship of stride rate to the stiffness parameters is fairly important, as 
stride rate is considered fundamental to running mechanics.  With a run to voluntary 
exhaustion, both stride rate and vertical stiffness were observed to change and these 
changes were strongly correlated.  This indicates that from the beginning to the end of the 
run, the leg behavior is consistent with a spring-mass model. 
Generally, a runner will adopt a stride rate that minimizes or nearly minimizes 
oxygen cost at a given running speed (Cavanagh & Williams, 1982; Hamill et aI., 1995). 
This is termed an optimization criterion, or a parameter that is minimized during running. 
Oxygen cost is probably not the only parameter that is optimized during running, but 
instead a combination of parameters interact in some optimal way.  Identifying 
parameters that influence or determine such an optimization model is somewhat difficult. 
Thus far, the only optimization criterion that has been found is oxygen cost (Cavanagh & --
26 
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Williams, 1982; Hamill et aI.,  1995).  Shock attenuation from impact is probably not an 
optimization criterion.  Hamill and colleagues (1995) found shock attenuation was not 
minimized at preferred stride frequencies.  Leg stiffness might provide a strong influence 
on metabolic cost, and may be itself a factor in optimization.  This conclusion can be 
drawn because leg stiffness is held constant over a range of running speeds (McMahon et 
al., 1987; He et aI., 1991) and leg stiffness changes when a shift from preferred stride rate 
occurs (Farley & Gonzalez 1996).  Since leg stiffness is not minimized, but maintained at 
some level at a given speed, it may be related to metabolic cost.  The example of 
'Groucho' running shows that metabolic cost increases when the leg becomes less stiff 
(McMahon et aI., 1987).  Arguments against leg stiffness being optimized include the 
adjustment of leg stiffness based on the running surface, although leg stiffness may be 
altered such that the combination of the surface and leg stiffness remains at a constant 
value (Ferris & Farley, 1987; Ferris, Louie & Farley, 1998).  Thus, perhaps it is the 
global stiffness (leg + surface) that is optimized, resulting in a constant affect on center of 
mass motion. 
In the spring-mass model, the leg is recognized as a simple linear spring.  The 
results from the present study as well as others tend to confirm that the leg behaves in a 
spring like way.  But in truth, the mechanics of the leg are not so simple.  The leg itself 
has been modeled as three rigid segments attached at joints, and the torsional stiffness for 
each joint can be determined (Farley, Houdijk, van Strien & Louie, 1998; Trapp & Li, 
1999).  It is the interaction of the torsional joint stiffness values that ultimately 
determines vertical and leg stiffness.  Joint stiffness can be independently controlled.  For 
example, torsional stiffness of the ankle was adjusted depending on the stiffness of the 28 
surface during hopping (Farley et aI.,  1998).  Trapp and Li (1999) found that the knee had 
three torsional stiffness phases during running stance, with the three values at each phase 
differing from each other. The knee torsional stiffness values also changed with running 
speed.  Ankle stiffness has been observed to be greater during sprint running than in 
slower running (Stefanyshyn & Nigg, 1998).  It is likely that the observed changes in 
vertical and leg stiffness in this study are the result of torsional stiffness changes in one or 
more of the joints in the leg. 
The changes in stride rate observed in this study may involve a shift from optimal. 
A decrease in stride rate was accompanied by a decrease in both vertical and leg stiffness. 
The shift in stride rate may not ha~e much affect on metabolic cost since the changes are 
i 
I 
rather small (up to 6%).  However,1 under the physiologic conditions of exercise to 
I 
I 
exhaustion these shifts may prove to be increasingly significant to the runner.  Further 
, 
testing is needed to confirm this.  the shifts in vertical and leg stiffness are also small (up 
I 
to 8.7% for kvert and 13.1 % for kleg), but larger than those for stride rate.  Perhaps it is the 
inability of the system to maintain leg stiffness that eventually drives exhaustion when 
running at a constant speed. 
Siler and Martin (1991) suggest that runners might consciously change running 
kinematics with fatigue.  In particular, consciously increasing stride length (thereby 
decreasing stride rate for a given speed) was cited as a possible reaction of a runner to 
maintain running speed.  In contradiction to conscious control of kinematics, stride length 
may increase as a result of decreasing leg stiffness.  Ifthe continually working muscles 
are unable, either from local (metabolic or neural) or central (metabolic or neural) factors, 
to maintain contraction patterns necessary to maintain leg kinematics, a shift in leg 29 
stiffness probably occurs.  Because muscles are constantly working, metabolic by­
products are continually produced and removed, with the result of slow accumulation of 
detrimental ion concentrations in the muscle (Fitts, 1994; Kent-Braun, 1999).  Monotonic 
changes in vertical stiffness may be indicative of a continually changing physiological 
environment in the working musculature over the course of the exhaustive run.  Whether 
these shifts are made consciously or are subconsciously driven can not be determined 
from the results of this study, but it is plausible that the changes are unconscious in 
nature.  Increases in stride length with fatigue have been consistently observed under a 
number of conditions (Bates et aI., 1977; Siler & Martin, 19-91; Williams et aI.,  1991). 
This lends further plausibility to changes in stride length stemming from leg stiffness 
changes, rather than conscious changes by the runner, with exhaustion.  Finally, tibial 
accelerations increased with decreased leg stiffness while performing "Groucho" running 
at a constant speed (McMahon et aI.,  1987).  The relationship to the development of 
injuries is not presently clear.  The argument may be made that under a fatigued condition 
while running at a constant speed increased tibial accelerations from decreased leg 
stiffness may increase the possibility of incurring an injury.  This inference may be 
plausible from the "Groucho" running results in that the tibial to head acceleration ratio 
decreased despite increased peak tibial accelerations (McMahon et aI., 1987).  Between 
the passive (skeleton and connective tissue) and active elements (muscle), the load on the 
system probably increases due to the effort of attenuating the increased accelerations, 
slightly increasing the likelihood of injury at many different sites. 
Verbitsky and colleagues (1998) pointed out that observed changes in tibial shank 
accelerations might be due to the constraint of constant speed imposed by performing on 30 
a treadmill.  This may be true in several other running studies that had runners perform to 
exhaustion (Siler & Martin, 1991; Williams et aI.,  1991).  Runners performing 
overground without a speed constraint may be inclined to reduce speed, thus minimizing 
changes in observed parameters (tibial accelerations by Verbitsky et al., (1998) and leg 
stiffness in this study).  A change in speed would probably allow the runner to continue 
for a longer time.  Vertical stiffness is related to speed.  In particular, lower vertical 
stiffness values are associated with lower running speeds (McMahon et aI., 1987; He, 
Kram & McMahon, 1991).  Perhaps a change in speed to accommodate the lower vertical 
stiffness will allow the runner to regain equilibrium between mechanical and 
physiological factors allowing increased duration of running at a reduced performance 
level.  This strategy may work for those runners that decreased vertical stiffness.  For 
those runners that increased vertical stiffness, increasing speed to accommodate this 
change may not be a viable solution, although only two of the runners in this study had 
significant increases in vertical stiffness. 
Summary 
Running at about 80% of peak V02, subjects of this study continued running for 
31  to 90 minutes and maintained consistent spring characteristics despite going to 
exhaustion.  Both vertical and leg stiffness changed with stride rate over the course of the 
run for most runners.  Although the mechanisms of stiffness change are unknown, the 
effects of changing stiffness are clear in terms of altered vertical motion of the center of 
mass and changes in leg length with exhaustion.  It remains to be determined if shifts in 31 
stiffness are advantageous and part of an optimization process, or are disadvantageous 
with any relationship to injury mechanism in running. 32 
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Abstract 
Leg stiffness characteristics and kinematics have been observed to change during 
running to exhaustion.  Changes in muscular activation patterns with muscle fatigue, as 
determined by electromyography (EMG), have been documented under a variety of 
conditions and activities.  The purpose of this study was to determine if lower limb 
kinematics and vertical stiffness could be explained by changes in muscle activation 
patterns during a run to volitional exhaustion.  Fifteen subjects performed a test run at a 
speed eliciting approximately 80% of their V02 peak, until exhaustion.  IEMG and 
muscle activity time were determined for the vastus medialis, vastus lateralis, biceps 
femoris, gastrocnemius, and tibialis anterior of the right leg for 8 to 10 strides at selected 
sample periods over the test.  Along with the EMG characteristics, two-dimensional 
video analysis was made of each runner from which ankle, knee, thigh, and shank angles 
were calculated.  Hierarchical regression analysis was used to determine significant 
relationships between kinematic and EMG variables and vertical stiffness.  For some 
subjects, angular measures were clearly related to vertical stiffness.  Alterations in joint 
range of motion at the ankle, knee, and/or thigh related moderately with vertical stiffness 
for most subjects  (r between 0.38 and 0.99).  Changes in vastus medialis, vastus lateralis, 
and gastrocnemius IEMG values were moderately related to vertical stiffness across all 
subjects (r between 0.47 and 0.99). 37 
Introduction 
It has been previously established that during endurance running to volitional 
exhaustion, the mass-spring characteristics of the leg may change.  Of the many factors 
that can influence lower limb stiffness and the trajectory of the center of mass, the most 
influential is probably the level of contractile force generated by muscles around the 
joints (as opposed to changes in connective and skeletal tissue).  During exhausting runs, 
both central and peripheral changes can alter force production.  A recent study, has 
shown that for sustained muscle contraction to fatigue, both central and peripheral factors 
contribute to decline in muscle force (Kent-Braun, 1999).  It was determined that during 
sustained maximal muscular contraction, roughly 20% of the decline in force was due to 
central mechanisms and approximately 58% due to peripheral mechanisms, particularly 
changes in the concentration of [W] in the muscle.  While dealing with sustained muscle 
contractions, the research presented by Kent-Braun (1999) may eventually provide a 
method for examining the muscle during exercise. 
It is much more difficult to ascertain factors relating to exhaustion under 
conditions of dynamic movement such as running.  Many studies have attempted to 
determine functional muscle changes by measuring the electrical (EMG) signal of the 
muscle (Ament, Bonga, Hof & Verkerke, 1996; Bigland-Ritchie, Donovan & Roussos, 
1981; Bonnard, Sirin, Oddsson & Thorstensson, 1994; Gollhofer, Komi, Fjitsuka & 
Miyashita, 1987; Lorentzon, Sjostrom, Fagerlund & Fugi-Meyer, 1988; Mills, 1982; 
Moritani, Nagata & Muro, 1982; Moritani, Odds  on & Thorstensson, 1990; Nicol, Komi 
& Marconnet, 1991; Nummela, Vuorimaa & Rusko, 1992; Nummela, Rusko & Mero, 
1994; Paavolainen, Hakkinen, Nummela & Rusko, 1994).  These studies cover a variety 38 
of movements and methodologies, including the use of IEMG and spectral power 
frequencies to quantify muscular activation changes. 
Inconsistent observations have been made of EMG activity during short duration 
activities.  IEMG (integrated EMG) and AEMG (averaged EM  G) increased during 400 
meter runs (Nummela et aI., 1992; Nummela et aI.,  1994).  However, during 60 seconds 
of maximal height hopping (Moritani et al.,  1990), 100 Arm push-offs (Stretch 
Shortening Cycle movement) (Gollhofer et aI.,  1987), and running anaerobic power test 
(Paavolainen et aI.,  1994) IEMG was observed to decrease with fatigue.  It is difficult to 
provide comparison between these different studies as the subjects recruited for them 
represent different levels of training and training type (sprint or power vs. endurance). 
Subjects trained for short duration activities showed a decline in IEMG level during an 
anaerobic power test (Paavlainen et aI.,  1994).  Another study, had endurance and sprint 
trained athletes perform 200 maximal knee extensions to fatigue (Lorentz  on et aI.,  1988). 
Sprinters were found to fatigue by the 50
th extension, with IEMG levels declining almost 
with each contraction.  Sprinters produced higher torque levels than the endurance­
trained athletes.  The IEMG levels of the endurance athletes remained almost constant 
during the 200 contractions performed.  This difference was found to be due to a greater 
proportion of Type II fibers in the muscles of the sprinters. 
During longer runs to fatigue using endurance athletes, IEMG has been observed 
to decrease.  IEMG values after a marathon run to fatigue were lower than pre-test values 
in both the vastus medialis and vastus lateralis (Nicol et aI.,  1991).  This observed 
decrease in muscle IEMG was coupled with a decrease in knee torque during an isometric 
strength test.  Assuming that endurance trained runners have more oxidative muscle 39 
fibers, a decrease in IEMG similar to those of the power athletes has been observed. 
Thus, decreased IEMG activity over the course of a run may be associated with muscular 
fatigue. 
Small changes in angular kinematics have been observed with running to 
exhaustion.  Shank angle was observed to increase at foot strike over the course of 400, 
3000, and 10000 meter fatiguing runs (Bates, Osternig & James, 1977; Elliott & Roberts, 
1980; Elliot & Ackland, 1981).  Elliot and Ackland also showed that the distance from 
the vertical projection of the center of gravity and initial foot contact increased slightly, 
possibly indicative of increased braking forces during foot strike.  Thigh range of motion 
has consistently been observed to increase, despite the fact that speed and stride length 
decreased (Bates et aI.,  1977; Elliot & Ackland, 1981).  Thigh range of motion and stride 
length have been shown to increase under treadmill running to exhaustion (Siler & 
Martin, 1991).  Another treadmill study showed no changes in angUlar measures despite 
an increased stride length with exhaustion (Williams et aI., 1991).  Based on previous 
research, there is considerable evidence that kinematic changes occur during extended 
running. 
The purpose of this study was to determine if angular kinematic and EMG 
measures are associated with spring-mass characteristics of the leg during a run to 
voluntary exhaustion.  It has been established that vertical stiffness may change with 
exhaustion while running at a constant speed. EMG measures may help explain changes 
in stiffness observed for some runners. 40 
Methods 
Subjects. Fifteen well-trained runners were recruited to participate.  All subjects 
provided informed consent (Appendix B) within guidelines established by the University 
Institutional Review Board for the Protection of Human Subjects.  Descriptive data are 
presented in Table 3.1.  Participating runners wore their own running shoes and clothing 
during the test.  A hip pack containing the EMG telemetry unit was also worn during the 
test. 
Testing Apparatus. A treadmill (Quinton Q55) instrumented to measure vertical 
ground reaction force was used for the test run.  Specifications and reliability of the 
Table 3.1. 

Subject characteristic data. Duration refers to the length of time run at the test speed. 

Subject  Gender 
Age 
(yrs) 
Mass 
(k~ 
Test Speed  Duration 
(mls)  (min) 
1  M  21  66  4.02  61 
2  M  38  73  4.25  72 
3  M  18  66  4.56  37 
4  M  18  64  4.05  70 
5  M  35  82  3.67  78 
6  F  31  61  3.12  83 
7  M  29  67  4.11  41 
8  M  30  79  4.25  45 
9  M  27  69  4.63  46 
10  M  20  77  3.88  70 
11  M  38  87  3.86  55 
12  F  31  51  4.08  36 
13  M  33  70  4.12  90 
14  F  25  55  4.03  31 
15  F  30  53  3.83  45 41 
device have been reported previously (Fewster, 1996).  A microcomputer instrumented 
with an analog-to-digital conversion board (Metrabyte DAS-16) was used for all data 
sampling.  Force data were measured at a sweep rate of 1000 Hz.  In order to assure 
constant speed, treadmill belt speed was monitored periodically with a handheld, digital 
tachometer (Model 21C13, Kernco Instruments Co.). 
EMG signals were recorded using the Noraxon Telemyo-8 system.  Signals from 
the Telemyo unit was recorded by the same microcomputer recording the force data using 
a second analog-to-digital conversion board (Computer Boards DAS-1402).  To ensure 
synchronization between force and EMG recordings, one force transducer's output was 
routed through this second board, allowing time synching of the two sets of data (force 
and EMG).  The computer measured six channels (5 EMG and 1 force) at a sweep rate of 
2000 Hz. 
Video recordings were made throughout the test run, although a spotlight 
provided bright illumination for about 30 seconds every 5 min.  A Panasonic DT  -5100 
video camera and Panasonic VTR was used to record all video data at a field rate of 60 
Hz.  An audio and visual time code was placed on the tape during recording.  This time 
code coincided with the clock time on the microcomputer, so that the strides analyzed 
occurred during the same time period as the force and EMG measurements.  Peak Motion 
Analysis software was used for digitizing and subsequent analysis. 
Experimental Calculations.  Experimental calculations involving the spring 
properties of the leg and of the body's vertical motion are similar to those described 
elsewhere (Farley & Gonzalez, 1996; He, Kram & McMahon, 1991; McMahon & Cheng, 
1990) and presented in Appendix A.  Vertical stiffness is a function of the peak vertical 42 
force and the maximum displacement of the center of mass during stance. Variables 
required from the vertical ground reaction force data include active peak vertical force, 
displacement of the center of mass during stance, and stride rate (as described 
previously). 
EMG signals were integrated to obtain an IEMG value for the period when the 
muscle was active.  Visual observation of each EMG recording was used to identify the 
muscle on and off points.  Generally, on/off points were easy to identify, and in those 
cases where they were not (such as with a loosening electrode), the muscle was omitted 
from further analysis. 
Procedures. Prior to the test run, five sites were prepared for EMG analysis.  The 
muscles monitored for electrical activity included the vastus medialis and vastus lateralis 
of the quadriceps, hamstrings (biceps femoris), gastrocnemius, and tibialis anterior.  All 
five sites were prepared by removing hair, lightly abrading the skin, and cleaning with an 
alcohol swab.  Each electrode pair was placed at a specific site, and secured with athletic 
pre-wrap, co-band, and athletic tape. 
The electrodes were placed at the following sites (Delagi, Iazzetti, Perotto & 
Morrison, 1981): 
1. 	 Vastus Medialis - 5 cm proximal to the superiomedial angle of the 
patella. 
2. 	 Vastus Lateralis - 6-7 cm proximal to the patella, on the lateral edge of 
the thigh. 
3. 	 Biceps Femoris - midpoint of the line between the fibula head and the 
ischial tuberosity. 43 
4. 	 Gastrocnemius (Medial Head) - 7-8 cm distal to the popliteal crease on 
the medial calf. 
5. 	 Tibialis Anterior - 6-8 cm distal to the tibial tuberosity and 1-2 cm 
lateral to the tibial crest. 
The Noraxon Telemyo-8 telemetric EMG system was used for EMG measurements, 
requiring that the subject wear a small hip pack containing the telemetry unit. 
To assist in identifying lower limb segments during digitizing, small reflective 
markers were placed at the following approximate locations on each subject's right leg: 
1. 	 on the right lower limb at the hip (just superior to the greater trochanter of the 
femur), 
2. 	 lateral epicondyle of the femur, 
3. 	 lateral condyle of the tibia, 
4. 	 ankle (on the lateral malleolus of the fibula), 
5. 	 heel (proximal shoe, just above ground level), 
6.  toe (distal shoe, just above the level of the distal end of the fifth metatarsal). 
Reflective markers were attached using double-sided adhesive (toupee) tape. 
After a brief warm-up, each subject performed a run to exhaustion at a speed that 
elicited approximately 80% of peak V02 (as described in Chapter 2).  Rather than an 
invasive fatigue measure, it was the runner's decision to continue or halt the test based on 
his/her ability to maintain the test speed.  Each subject attempted to inform the 
investigator one to two minutes prior to ending the test in order to allow for a final data 
collection. 44 
EMG and vertical force data were collected for 15 sec every 5 minutes throughout 
the test and just prior to test cessation.  From each 15 sec of force data, heel-strike and 
toe-off for 38 to 40 steps were identified.  For two subjects (numbers 8 and 10), only 12 
to 14 steps were measured due to experimenter error (5 sec data collection periods rather 
than 15 sec).  From the EMG recordings, muscle on and off were manually identified for 
about 10 right steps.  Both EMG and kinematic assessment were performed at similar 
sample points throughout the test run. 
From the kinematic data, 8 to 10 right steps corresponding to selected data 
collection time periods were digitized using the automated module of the Peak 
Performance software.  A six-point model was used to determine the kinematics of the 
runner's right side.  Data were smoothed using a 4th order dual-pass Butterworth digital 
filter, with the optimal cut-off frequency chosen by the Peak Performance software. 
From the digitized data, ankle, knee, and thigh joint angles were determined (Figure 3.1). 
Vertical 
Reference --­
Shank Angle 
...___-Knee Angle 
:pc,,,,.....-Ankle Angle 
Figure 3.1 

Angle designations for the leg segments.  Both the shank and thigh angles are measured 

with respect to a vertical reference. 
45 
The ankle angle was defined as the angle between the foot and shank segments. The knee 
angle was defined as the angle between the shank and thigh segments, and the thigh as 
the angle between the thigh and a vertical reference.  Joint angular range of motion and 
joint angle position at heel strike and toe-off were calculated. 
Data Analysis.  Characteristics detennined for this investigation represent 
stiffness, IEMG, and kinematic data from selected collection periods over a subject's test 
run. Test run duration varied between subjects, but general comparisons such as the total 
change in a variable over the run are presented.  It is assumed that the observed changes 
were related not to test duration, but to the exhaustive affect of the run on the subject.  A 
single subject design was implemented for this study.  Given that individual variations 
tend to be lost in a group design, within subject analysis allowed individual reactions to 
exhausting runs to be investigated. 
The degree of relationship between the change in leg stiffness and the EMG and 
kinematic variables were detennined with hierarchical regression analysis.  Two 
hierarchical regression analyses were perfonned for each subject.  The first regression 
detennined the degree of relationship between kvert and five IEMG values (one for each 
muscle). The order with which the IEMG values were entered in the equation was vastus 
medialis, gastrocnemius, vastus lateralis, tibialis anterior, and biceps femoris.  Some data 
points were missing for some subjects, and fewer variables were entered into the analysis. 
The second hierarchical regression assessed the degree of relationship between kvert and 
the kinematic variables (average knee, ankle, and thigh angular range of motion from 
each sample period), with the knee variable entered first, then the ankle variable, and 
lastly the thigh ROM variable. 46 
Measured variables were reviewed for violation of assumptions for multiple 
regression analysis.  Mahalanobis D and Cook's Distance were determined for each set of 
variables in order to determine outliers and variables with undo leverage on the analysis. 
Linearity, normality, and homoscedasticity were assessed through visual inspection of 
histograms and residual plots.  Correlation values between individual variables were 
assessed for multicollinearity.  The SPSS (version 9.0) software package was used for all 
calculations. 
The purpose of this regression analysis was exploratory, so that the trends in 
kinematic and IEMG variables are descriptive in nature.  Descriptions of the relationships 
are meant to provide a basis for development of future work. 
Results 
Test Parameters.  The speed and run duration are listed for each subject in Table 
4.  1.  Test speeds ranged from 3.12 to 4.63 m·s-
l
.  Average duration of the test run for the 
15 subjects was 57 min, with a large range of times (31  - 90 min).  At the end of the test, 
12 runners reached an exhaustive state and were unable to continue running at the test 
speed.  Of the remaining three runners (numbers 6, 11, 14), two stopped for equipment 
reasons and one subject fell from the treadmill.  All three made it clear that they were 
close to ending the test at the time the decision was made to stop the run. 
Kinematics.  Ankle, knee, and thigh angles behaved similarly across subjects 
during one stride.  Representative angular patterns for the ankle, knee, and hip can be 
seen in Figure 3.2.  The ankle angle typically decreased to approximately mid­--
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Figure 3.2 
Representative ankle, knee, and thigh angles during a single stance.  Heel strike occured 
at times 0 and 0.72 seconds.  Toe-off was at approximately 0.25 seconds. 
stance and then increased through toe-off until decreasing during leg recovery.  Knee 
angle also decreased to approximately mid-stance and then increased through toe-off. 
Knee angle was generally smallest during the leg swing in recovery.  The lowest thigh 
angle was generally during heel strike and the greatest angle at toe-off or slightly after. 
Initial check of the kinematic data indicated no violation of assumptions (as 
outlined in the methods section) for the multiple regression analysis.  Results from the 
group regression analysis indicate no relationship between the range of motion variables 
and vertical stiffness (Table 3.2,·last row).  For some runners, changes in the motion of 
the knee were related to vertical stiffness (Table 3.2).  In these subjects, up to 59% of the 
variability in kvert for this analysis related to changes in knee joint motion.  Only five 48 
Table 3.2 

The amount of variance (r2) or the change in variance (Llr2) associated with each 

kinematic ROM variable as determined by hierarchical regression analysis. 

Subject  KROM 
(r2) 
KROM+AROM 
(Llr2) 
KROM+AROM+  TROM 
(Llr2) 
1  0.000  0.449 :j:  0.152 
2  0.590 *  0.031  0.591 
3  0.180  0.393  0.229 
4  0.007  0.293  0.007 
5  0.049  0.186  0.217 
6  0.043  0.040  0.058 
7  0.002  0.003  0.439 
8  0.753  0.161  0.759 
9  0.333  0.087  0.382 
10  0.444 :j:  0.111  0.543 
11  0.567 *  0.008  0.822 
12  0.017  0.116  0.025 :j: 
13  0.036  0.285  0.090 
14  0.115  0.688  0.171 
15  0.004  0.016  0.259 
Group  0.015  0.000  0.069 
KROM - knee range of motion in stance  :j: =p <0.05 
AROM - ankle range of motion in stance  * =p <0.01 
TROM - thigh range of motion in stance 
(subjects 2, 8, 9,  10, and 11; Figure 3.3) runners had somewhat large proportions of 
variability explained by knee motion.  For these subjects, changes in knee angular 
kinematics related strongly to changes in kvert.  Ankle motion accounted for some of the 
observed variability for eight runners (subjects 1,2,3,8,9,10, 13, 14; Figure 3.4).  For 
the 9 runners mentioned thus far, knee and ankle motion explained between 45 and 
91 % of observed variability in kvert•  Once thigh motion entered in the analysis in the last 
step from 10 to 91 % of the variability in kvert could be accounted for by these three 
variables in the 15 runners.  Relationships between kvert and thigh ROM can be seen in •  • 
• 
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Ankle ROM plotted against vertical stiffness. 
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50 
Figure 3.5, for some subjects.  In general, vertical stiffness was related to joint motions of 
the lower limb for some subjects, but the stability of the regression results may be low 
due to the low number of data points used to predict vertical stiffness. 
Changes in ankle angle were due to both changes in minimum and maximum 
stance angle.  Minimum ankle angle generally occurs just after the midpoint of the stance 
period, and the maximum ankle angle corresponds with toe-off.  In general, changes in 
ankle range of motion were due to
l increased ankle angle and indicative of increased ankle 
plantar-flexion at toe-off.  Figure 3.6a and 3.6b show an example of this from two 
subjects, where changes in ankle joint ROM appear to be mainly due to increased toe-off 
(maximum) angle.  Some runners altered both minimum and maximum ankle angles as 
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Thigh ROM plotted against vertical stiffness. 
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51 
seen for the two runners in Figure 3.6c and 3.6d.  For these subjects, ankle ROM changed 
by altering minimum ("" mid-stance) and maximum (toe-off) ankle angles.  Similar to the 
ankle, knee range of motion increases were due to decreased minimum knee angle (which 
occurs at mid-stance or earlier) and/or maximum knee angle which occurs approximately 
at heel strike or at toe-off.  The assumption that minimum knee angle during stance was 
related to vertical stiffness was not true across all subjects as correlation values ranged 
between -0.36 and 0.78, with only 3 subjects (8,9,10) having values above 0.6. 
EMG results. Subjects had typical EMG patterns for the five muscles tested. 
Figure 3.7 illustrates the magnitude and timing of the EMG signal for vastus medialis, 
vastus lateralis, biceps femoris, and the gastrocnemius relative to a running stride.  The 
figure includes the force data for the stride to easily see the timing of the EMG signals 
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53 
Ankle Min and Max angle versus ankle ROM during stance for subjects (A) 8, (B) 14, 
(C) 2, and (D) 15.  Solid line indicates trends for ankle minimum angle (triangles) and 
dashed line maximum ankle angle (circles). 
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Figure 3.7 

Typical EMG patterns during a running stride for vastus medialis (VM), vastus lateralis 

(VL), biceps femoris (BF), and gastrocnemius (G). 55 
relative to heel strike and toe-off.  From the EMG data, IEMG values were determined. 
IEMG data from each sampling point were included in subsequent analysis.  Typical 
IEMG reponses for the vastus medialis of three subjects are depicted in Figure 3.8. 
Some runners showed changes in muscle activity over the course of the run. 
Group analysis indicates that the vertical stiffness was best associated with the IEMG 
signal of the gastrocnemius muscle (Table 3.3).  The combination of the IEMG signals 
from the gastrocnemius and the two vastus muscles explain 36% of the variability in the 
vertical stiffness, with gastrocnemius activity contributing 27%.  Contribution of the 
tibialis anterior muscle was negligible.  Indeed, upon examination of the individual 
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Figure 3.8 
IEMG values over time for the vastus medialis muscle for subjects 6 (squares), 11  (open 
circle), and 13 (triangle). 56 
Table 3.3 

The amount of variance (?) or the change in variance (~r2) associated with each IEMG 

variable as determined by hierarchical regression analysis. 

Subject  +VM 
(?) 
+VL 
(~r2) 
+G 
(~?) 
+BF 
(~r2) 
+TA 
(~?) 
1  0.116  0.386*  - 0.225  0.469 
2  - - 0.123  - 0.069 
3  - 0.089  0.070  0.220  0.374 
4  0.075  0.056  0.570*  - 0.199* 
5  0.048  0.006  0.460*  - 0.068 
6  0.024  0.005  0.024  - 0.009 
7  0.008  0.405  0.008  - 0.757 
8  0.567*  0.000  0.796  0.029  0.868 
9  0.019  0.501  0.100  - 0.707 
10  0.118  0.088  0.258  0.150  0.268 
11  0.119  0.127  0.609  0.160  0.611 
12  - 0.759  0.026  0.811  0.095 
13  0.032  0.006  0.045  0.577*  0.142 
14  0.203  0.154  0.826  - 0.162 
15  0.382  0.010  0.894*  - 0.010 
Group  0.075  0.016  0.346  - 0.020
* =p <0.05 
* =p <0.01 
multiple regression results, it is evident that the gastrocnemius muscle did relate with 
vertical stiffness for many subjects (Figure 3.9b and Table 3.3).  There appears to be a 
moderate relationship between the quadriceps muscles IEMG values and vertical stiffness 
across most subjects.  As with the kinematic regression results, the stability of the 
regression results presented in Table 3.3 is low due to the low number of data points 
included in the analysis.  Figure 3.9a shows the 5 subjects with the strongest relationship 
between IEMG of the vastus medialis, vastus lateralis, and vertical stiffness. 57 
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IEMG activity of quadriceps (A) and gastrocnemius (B) plotted against vertical stiffness 

for selected subjects. 58 
Muscle activation time as a percent of stride for each of the five muscles showed only 
poor to moderate correlation with both vertical stiffness and run time for 13 runners 
(Tables 3.4 and 3.5).  Muscle activation times for subjects 14 and 15 could not be 
determined as the force signal used to synchronize the EMG and stride data was lost 
during data collection.  In general, muscle activation times were in ranges typically 
observed for running (McClay, Lake, Cavanagh, 1990).  The average muscle on and off 
times for 13 subjects for the vastus medialis (Figure 3.10), vastus lateralis (Figure 3.11), 
gastrocnemius (Figure 3.12), and tibialis anterior (Figure 3.13) are presented here rather 
than individual data due to the lack of relationship with vertical stiffness (Table 3.5) and 
run time (Table 3.4).  Biceps femoris data were not plotted because it was the muscle 
group that had the least data points because of lost signal during the run. 
Discussion 
The purpose of the current research was to determine if kinematic and EMG 
variables can explain vertical stiffness changes observed during running to exhaustion. 
The results presented here indicate that some relationships between kinematic, EMG, and 
stiffness measures do exist, but appear to be individual in nature.  There does not appear 
to be much consistency across runners.  It is clear that altered range of motion of either 
ankle, knee or thigh is often associated with vertical stiffness change.  Stiffness of a 
single joint can affect the stiffness of the leg.  When changing surface stiffness during 
hopping, ankle joint stiffness and knee angle are adjusted to maintain hopping frequency 
(Farley, Houdijik, vanStrien & Louie, 1998).  Further, the authors reported that a 75% Table 3.4 

Correlation values between sample time and muscle on and off points as a percentage of the stride. 

(Missing data for some subjects occurred when electrodes loosened during the run.) 

Subject 
1  2  3  4  5  6  7  8  9  10  11  12 
VMON(%)  -0.43  0.15  0.75  0.05  0.71  0.64  -0.16  0.06  0.63  0.63 

VMOFF(%)  0.06  -0.54  -0.19  0.24  -0.29  -0.26  -0.07  -0.05  0.88  0.73 

VLON(%)  -0.12  0.49  -0.44  0.59  0.49  -0.33  0.36  0.55  0.06  0.70  -0.90  -0.50 

VLOFF(%)  0.04  -0.43  -0.14  0.52  -0.68  -0.21  0.24  0.16  -0.13  0.32  0.79  0.23 

GON(%)  -0.31  0.04  -0.09  0.66  0.39  -0.76  -0.92  -0.68  0.92  0.14  0.54 

GOFF(%)  -0.65  0.42  -0.43  -0.68  -0.21  0.82  -0.39  0.02  0.49  0.33  0.05 

BFON(%)  0.10  0.51  -0.02  -0.76  -0.17  0.39  0.55  -0.06 

BFOFF(%)  0.20  0.13  0.55  -0.02  -0.06  0.09  -0.27  -0.12 

TAON(%)  0.37  0.03  -0.62  0.38  -0.05  0.43  0.11  0.82  0.41  0.62  -0.24  -0.20  0.22 

TAOFF(%)  0.78  0.58  -0.23  0.04  -0.56  -0.36  0.11  0.84  0.32  -0.12  -0.23  -0.24  0.42 

13 Table 3.5 

Correlation values between vertical stiffness and muscle activation time as a percent of the stride. 

(Missing data for some subjects occurred when electrodes loosened during the run.) 

Subject 
1  2  3  4  5  6  7  8  9  10  11  12  13 

VMON(%)  0.19  -0.03  0.03  0.40  0.04  -0.29  -0.22  -0.23  -0.51  -0.44 

VMOFF(%)  0.32  0.81  0.26  0.06  0.08  0.48  0.30  -0.07  -0.94  -0.46 

VLON(%)  0.36  0.34  -0.04  -0.57  -0.12  0.38  -0.33  0.27  -0.18  -0.55  0.84  0.19 

VLOFF(%)  -0.15  -0.36  0.04  -0.38  -0.36  -0.04  -0.01  -0.29  -0.17  -0.50  -0.83  -0.01 

GON(%)  0.39  -0.17  -0.01  -0.73  -0.37  0.64  -0.81  -0.23  -0.43  -0.29  -0.19 

GOFF(%)  0.69  -0.57  0.35  0.95  -0.52  -0.87  -0.26  0.20  -0.34  -0.43  0.09 

BFON(%)  0.17  -0.07  0.34  -0.15  -0.26  -0.46  -0.49  0.08 

BFOFF(%)  0.02  -0.49  -0.61  -0.49  -0.07  -0.26  0.20  0.46 

TAON(%)  -0.57  0.06  0.32  -0.36  0.07  0.05  -0.65  -0.76  0.69  0.34  0.34  0.05  0.35 

TAOFF(%)  -0.71  -0.59  -0.07  -0.19  0.13  -0.38  -0.69  -0.83  -0.17  0.07  0.40  0.34  0.33 
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Figure 3.10 

Average vastus medialis muscle on and off times as a percent of stance time for 5 phases 
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Figure 3.11 
Average vastus lateralis muscle on and off times as a percent of stance time for 5 phases 
of the test run. 62 
100 
..-.. 
~ 
'-' 
.g 
90 
80 
70  f  f  f  f  f 
·c ..... 
CI')  60 
~-~-;! 
:-+-ON  I 
btl s::  ·c 
::3 
50 
40 
.---OFF! '------"-"~ 
Q 
Q) 
S - E-< 
30 
20 
10 
+  •  •  ,  + 
0 
0  20-30  45-55  70-80  100 
Relative Time of Run (%) 
Figure 3.12 

Average gastrocnemius muscle on and off times as a percent of stance time for 5 phases 
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Average tibialis anterior muscle on and off times as a percent of stance time for 5 phases 

of the test run. 
63 
increase in ankle joint stiffness could result in a 70% increase in leg stiffness.  Different 
phases of stiffness within a joint have also been identified.  Trapp and Li (1999) applied a 
torsional stiffness model (using kinematics and body segment parameters) to the knee and 
found three distinct phases of stiffness at the knee during stance in running.  These 
different stiffness values changed depending on running speed.  Thus, single joint motion 
may influence vertical stiffness, ,and the joint affected by the condition will depend upon 
individual responses of the runner. 
Kinematic data across the group generally agree with previous research. 
Consistently, thigh range of motion and the shank angle at heel strike have been found to 
change over the course of fatiguing runs (Bates et aI.,  1977; Elliott & Roberts, 1980; 
Elliot & Ackland, 1981; Siler & Martin, 1991).  Results in this study show that for some 
runners, thigh range of motion did indeed change and was related to changes in heel 
strike shank angle (Figure 3.14).  Shank and thigh angles are perhaps coupled in a 
manner such that segmental motions are inversely related with the result that heel strike 
location is maintained relative to the center of gravity.  As runners fatigue, the position of 
the shank at heel strike is influenced by the motion and location of thigh just prior to and 
at heel strike. 
Altering vertical stiffness also changes stride length when running at constant 
speed (Chapter 2; Farley & Gonzalez, 1996; McMahon et aI., 1987).  For most subjects in 
this study, joint angular range of motion was related to vertical stiffness.  Range of 
motion was determined by finding the maximum and minimum angle during the stance 
phase.  In the case of the ankle and thigh, maximum angle occurred at toe-off.  Using one 
subject as an example, stride length was strongly related to both ankle and thigh angles 64 
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Change in heel strike shank angle vs. change in thigh ROM.  The correlation value was 

determined without two points (crosses), as they appear to be outliers. 

at toe-off, with increased stride length associated with increased joint angles (Figure 
3.15a).  For this subject, ankle and thigh toe-off angles were related to vertical stiffness­
(Figure 3.15b).  Thus, for this subject, changing vertical stiffness forced a change in 
stride length by increasing the extension of the leg during the latter part of stance.  It is 
interesting to note that Williams et al. (1991) found thigh and ankle angles at toe-off did 
not relate to changes in stride length with a fatiguing run, despite the fact that several 
subjects in that study had stride length changes (12 cm) similar to the subject reported 
above.  The group analysis probably masked individual responses for some runners. 65 
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Muscle activity, as denoted by IEMG values, was observed to change both 
proportionately and inversely relative to vertical stiffness across subjects.  Previous work 
by Nicol et al. (1991) has shown IEMG values for the vastus medialis and vastus lateralis 
to decline after a marathon run, although electrodes were removed during the run and 
replaced for post-marathon measurements.  Other studies using stretch-shortening cycle 
type exercises have reported equivocal results.  During 200 knee extensions, IEMG 
values were found to remain fairly constant for a group of endurance athletes (Lorentzon 
et al., 1988).  Moritani et al. (1990) found IEMG of the gastrocnemius to decrease over 
60 seconds of maximal height hopping.  Bonnard et al. (1994) observed some muscle 
increase and some decrease IEMG during sub-maximal hopping to exhaustion.  The 
triceps brachii muscles also decreased IEMG values over the course of 100 push-off 
movements, although when time-normalized, differences disappeared (Gollhofer et al., 
1987).  During short duration exercise (treadmill anaerobic power test and 100-400 m 
sprints) IEMG values for the gastrocnemius, vastus lateralis, and rectus femoris have 
been found to increase.  Running time in this current study falls between time intervals 
over which IEMG has been measured in the literature.  It may also be the case that 
exhaustion may not have been the result of muscular fatigue, in terms of the build up of 
metabolites, reduced membrane permeability, or increased muscle pH (Fitts, 1994; Enoka 
& Stuart 1992; Kent-Braun, 1999).  Exhaustion may have been due to a change in central 
or psychological factors; thus observed IEMG changes may have been normal for the 
intensity of run being performed. 
Muscular activity around a joint may influence joint stiffness and vertical 
stiffness.  It has been established previously that joint kinematics are associated with 68 
changes in joint stiffness, with both the knee and the ankle joints most likely contributing 
to vertical stiffness.  This was not the case with hopping on surfaces with different 
stiffness (Farley et aI.,  1998).  It was observed that ankle stiffness increased as surface 
stiffness decreased, but muscle activity level (gastrocnemius, soleus) decreased, leading 
to the conclusion that muscle activity was not related to joint stiffness.  This would lead 
to the conclusion that the relationship of IEMG to vertical stiffness reported with running 
is coincidence.  It may be the case that some individuals alter vertical stiffness via 
changes in muscle activity while others use some other mechanism, possibly some 
passive mechanism such as connective tissue in the leg.  Another contributing factor may 
be related to horizontal (braking/propulsive) forces, which are not present during hopping 
and were not measured as part of this study.  Finally, activation patterns in muscles that 
were not measured may have changed over the run.  Muscles that would affect motion at 
the knee and ankle include rectus femoris, vastus intermedius, and soleus.  Some runners 
may have experienced greater fatigue in these muscles rather than the muscles tested. 
Recording EMG during an intense, long duration exercise bout has inherent 
difficulties.  While skin sites were adequately prepared before electrode placement, and 
electrodes were secured with adhesive and then wrapped to secure them to the leg, some 
slippage of electrodes did occur.  This is apparent in missing data for some subjects. 
Loss of electrodes was mainly due to sweat and repeated rapid oscillations of the leg 
surface during impact.  Some runners visibly increased vertical oscillations and impact 
force and loading rates were visibly increased (see Chapter 4).  Increased jarring coupled 
with sweat on the leg induced slipping of leg wrappings and loss of adhesion by the 
electrodes.  This most commonly occurred with the electrodes over the biceps femoris 69 
muscle.  Only stable EMG data were included in this paper, hence some subject time 
periods were dropped due to electrode problems.  Nicol et al. (1991) had marathoners run 
without electrodes and attempted to place electrodes in their original place after the 
marathon run.  This also has its limitations, in that the site of placement may not be 
identical and time course of muscle changes cannot be measured.  Ament et al. (1996) 
also measured EMG over a medium intensity run, but the longest time was 22 min of 
exercise, and thus electrode placement was much easier to maintain.  In order to improve 
the quality of data collected, either a method similar to that of Nicol et al. would have to 
be used with electrodes reapplied at every desired sampling point, or indwelling (fine­
wire) electrodes might be used.  Both techniques, as with the methodology employed in 
this study, have limitations and problems associated with them. 
Summary 
There is much individual variability in the relationship between kinematic 
variables, EMG, and vertical stiffness.  There are some strong relationships between 
ankle, knee, and thigh range of motion variables and vertical stiffness, but the degree and 
direction of the associations vary between runners.  It is safe to assume that in many 
instances one influences the other.  Either vertical stiffness changes drives kinematic 
changes of the lower limb or kinematic changes of lower limb segments drive a shift in 
vertical stiffness.  It may simply be a change in one joint that affects the body's vertical 
stiffness.  Similarly, the degree of association between IEMG and vertical stiffness is also 
quite variable, although at the group level the gastrocnemius does relate to vertical 
stiffness.  In either case, there are no real concrete patterns to the observed changes in 70 
both kinematic and EMG variables.  More consistent fatigue patterns in relation to 
vertical stiffness were observed with the gastrocnemius muscle than for any other 
muscles measured.  While the relationship between the gastrocnemius muscle and 
vertical stiffness was observed to exist, no definite conclusions can be drawn from these 
data.  The evidence of correlation between angular range of motion and EMG variables 
with vertical stiffness for some subjects hints at possible global associations between 
these variables. Whether these relationships prove to be significant for the runner remains 
for future research on this topic. 71 
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Abstract 
While many studies have measured vertical ground reaction force (VGRF) in 
short bouts of running at moderate speeds, few studies have measured vertical ground 
reaction forces during endurance running.  In this study, VGRFs were measured during 
running to voluntary exhaustion on a treadmill.  Fifteen runners ran at a constant speed 
that approximated 80% of their V02 peak.  The test run was performed on a treadmill 
instrumented specifically to measure VGRF.  Force data were sampled for 15 seconds 
every 5 minutes and just prior to test end.  Between 38 and 40 steps were identified from 
the force data by marking heel strike and toe-off points.  Variables of interest measured 
from the force data include loading rate, impact peak, active peak, foot contact time, 
stride rate, and vertical impulse.  A single subject design was employed, and ANOVA (ex 
= 0.01) identified differences in the dependent variables from time periods at the 
beginning and end as well as at approximately 25,50 and 75% of the run time. 
Significant differences across time were found in loading rate for 7 runners, impact peak 
force for 6 runners, and active peak for 6 runners.  Both increases and decreases were 
observed for these force variables in different subjects.  Stride rate decreased for 9 
runners.  Foot contact time (stance phase) significantly changed for 9 runners, although 
both increases and decreases in contact time were noted.  It is clear that VGRF and 
kinematic parameters change as a runner becomes exhausted.  Changes in these 
parameters are very individual in nature and these changes may relate to the vertical 
displacement of center of mass and stride length during stance, thus possibly affecting the 
mechanical and physiological energy requirements of running. 76 
Introduction 
Ground reaction forces have been used to characterize the interaction of a runner 
and a running surface.  Common descriptive variables have been identified for the typical 
ground reaction force pattern and these variables have been studied under a variety of 
conditions (Cavanagh & Lafortune, 1980; Frederick & Hagy, 1986; Hamill et aI.,  1983; 
Hamill, Bates & Knutzen, 1984; Munro, Miller & Fuglevand, 1987).  Generally, the 
vertical ground reaction force is described with two peaks: impact and active (thrust). 
The impact peak generally occurs shortly after heel strike (in rear foot strikers) and the 
active peak (often the higher magnitude of the two) occurs approximately half way 
through stance.  It is generally accepted based on previous studies that peak ground 
reaction forces (both impact and active peak) increase as running speed increases.  It has 
also been shown that increases in stride rate for a given running speed are associated with 
decreases in active peak forces (Farley & Gonzalez, 1996).  Thus, varying stride rate at a 
constant speed may be associated with changes in vertical ground reaction forces. 
Dramatically increasing step length ("Groucho" running) also causes decreased active 
peak force (McMahon, Valiant & Fredericks, 1987).  Thus, ground reaction forces at a 
given speed are susceptible to change by perturbing the runner into a non-preferred state. 
A condition that may cause such a perturbation might be exhaustion after a long run. 
Few measurements of ground reaction forces during long running have been 
published.  Stewart (1985) reported ground reaction forces during 1 hr of intense running. 
Of the fifteen participating subjects, five exhibited significant changes in maximum 
impact force (3 increase, 2 decrease), two had altered maximum active force (both 
increase).  Loading rate was not reported, although differences in timing to maximum 77 
impact force were found to be different for six subjects.  Support time changed 
significantly (both directions) for eight runners.  Stride rate was not reported.  Dickinson, 
Cook and Leinhardt (1985) found on average a small increase in peak impact force and 
small decrease in peak active force after 45 min of running for 6 runners.  Increases in 
peak impact forces were present despite a slower running speed at 45 min.  A recent 
study by Verbitsky, Mizrahi, Voloshin, Treiger and Isakov (1998) reported peak shank 
accelerations during 30 min fatiguing runs on a treadmill.  Using end-tidal CO2 measures 
to measure fatigue, those runners that were not fatigued showed no change in shank 
accelerations.  Runners that did show indication of metabolic fatigue had increased peak 
shank accelerations, which may be associated with increased impact force.  Impact forces 
were not reported as part of the study. 
There is some precedence for vertical ground reaction force to change with 
exhaustion.  There have also been changes observed in temporal characteristics during 
intense, medium to long duration running in trained runners.  Stride rate has been 
observed to increase (Eliot & Roberts, 1981), decrease (Bates, Ostemig & James, 1979; 
Candau, Belli, Millet, Georges, Bardier & Rouillon, 1998; Williams, Snow & Arguss, 
1991; Siler & Martin, 1991; Verbitsky et aI.,  1998), and remain constant (Eliot & 
Ackland, 1981), while running speed remained fairly constant.  While running at a 
constant speed, a "rested" runner adopts a stride frequency that either minimizes or nearly 
minimizes metabolic cost.  A trained runner will generally gravitate to the same stride 
rate while running at a particular speed.  Thus, while maintaining constant speed, small 
shifts in stride rate may prove deleterious, as metabolic cost may increase (Cavanagh & 
Williams, 1982).  Small deviations in stride rate may reflect an inability of the leg system 78 
to maintain proper muscle activation patterns or possibly a shift in efficiency based on 
metabolic changes in peripheral working muscles and centrally with the neural and 
cardio-respiratory system. 
Based on current literature, it may be speculated that vertical ground reaction 
force measures may change during medium to long duration running at constant speed. 
The purpose of this study was to measure vertical ground reaction forces on runners 
performing at a constant speed until volitional exhaustion.  In order to determine if 
characteristics of stance kinetics change, several key variables (stride rate, foot contact 
time, loading rate, impact maximum, and active maximum) were identified and tracked 
during the test run. 
Methods 
Subjects. Fifteen well-trained runners were recruited to participate. All subjects 
provided informed consent (Appendix B) within guidelines established by the University 
Institutional Review Board for the Protection of Human Subjects.  Descriptive data are 
given in Table 4.1.  Recruited runners were actively training for races ranging in distance 
from 10 km to 50 km, and training a minimum of 25 miles per week.  All subjects were 
free of injury at the time of testing.  Participating runners wore their own running shoes 
and clothing during the test.  Additionally, subjects were asked to wear a telemetered 
heart rate monitor, so that heart rate could be recorded throughout the test. 
Test speed determination.  A maximal oxygen uptake test was used to determine 
test speed for each subject.  All subjects performed 5 sub-maximal runs followed 79 
Table 4.1 

Subject characteristic data. Duration refers to the length of time run at the test speed. 

Subject  Gender 
Age 
(yrs) 
Mass 
(kg) 
Test Speed  Duration 
(rn/s)  (min) 
1  M  21  66  4.02  61 
2  M  38  73  4.25  72 
3  M  18  66  4.56  37 
4  M  18  64  4.05  70 
5  M  35  82  3.67  78 
6  F  31  61  3.12  83 
7  M  29  67  4.11  41 
8  M  30  79  4.25  45 
9  M  27  69  4.63  46 
10  M  20  77  3.88  70 
11  M  38  87  3.86  55 
12  F  31  51  4.08  36 
13  M  33  70  4.12  90 
14  F  25  55  4.03  31 
15  F  30  53  3.83  45 
immediately by a graded run to exhaustion, during which oxygen consumption and heart 
rate were monitored.  The duration of each sub-maximal stage was 4 min and the V02 
values for the last 2 minutes were used to determine the oxygen cost for that speed. 
Oxygen consumption values from the five sub-maximal speeds were used to develop a 
regression equation with V02 as the predictor of speed.  This regression equation and an 
oxygen consumption value of 80% of the peak oxygen value were used to determine a 
test speed. 
Testing Apparatus. A treadmill (Quinton Q55) instrumented to measure verti~al 
ground reaction force was used for the test run.  Vertical ground reaction force was 
determined via 6 uniaxial force transducers (PCB Electronics 208A03 and 208A02) 80 
spaced evenly beneath the bed of the treadmill.  Fewster (1996) presented the 
instrumented treadmill's validation and reliability, in terms of its ability to measure 
applied loads.  A microcomputer equipped with an analog-to-digital conversion board 
(Metrabyte DAS-16) was used for all data sampling.  Force data were measured at a 
sweep rate of 1000 Hz. 
The investigator controlled the treadmill speed.  Constant speed was maintained 
throughout the duration of the test.  In order to assure constant speed, treadmill belt speed 
was monitored periodically with a handheld, digital tachometer (Model 21 C 13, Kemco 
Instruments Co.), and adjusted as necessary. 
Procedures.  After a brief warm-up, each subject performed a run to exhaustion at 
a speed that elicited approximately 80% of peak V02 (predicted from the regression 
described above).  Rather than an invasive fatigue measure, it was the runner's decision 
to continue or halt the test based on perceived degree of fatigue in conjunction with the 
ability to maintain the test speed.  Each subject attempted to inform the investigator 1 to 2 
min prior to ending the test in order to allow for a final  15 sec force collection period.  In 
order to determine the effort put forth during the run, heart rate was recorded every 5 min 
and at the end of the run. 
Vertical force data were collected for 15 sec every 5 min throughout the test and 
just prior to test cessation.  From each 15 sec of force data, 35 to 40 steps were identified 
by marking the heel-strike and toe-off points.  For two subjects (numbers 8 and 10), only 
12 to 14 steps were measured due to either experimenter or computer error (5 sec data 
collection periods rather than 15 sec).  For each of the identified steps, the variables of 
interest were determined.  The measured variables to be included in the statistical 81 
analysis were loading rate (rate for force increase at heel strike), impact peak (first 
maximum), active peak (second maximum), foot contact time, and stride rate.  Loading 
rate was determined by dividing body weight by the time for the force to rise from 50 N 
to body weight plus 50 N, as described by Munro et al. (1987).  Stride length, average 
force during stance, and vertical impulse were also determined for descriptive purposes. 
Right and left leg data were merged in the analysis. 
Data Analysis.  Data analyzed for this investigation represent force data from the 
beginning, the end and from phases representing 20-30, 45-55, and 70-80% of the total 
test time.  It was expected that test run duration would vary between subjects, but by 
referring to time points relatively (as a percent of total run time) rather than absolutely, 
observations across subjects can be presented.  It was assumed that each runner's test 
ended in exhaustion. 
A single subject design was implemented for this study.  Given that individual 
variations tend to be lost in a group design, within subject analysis allowed individual 
reactions to exhausting runs to be investigated.  Means, standard deviations, and 
correlation (Pearson Product Moment Correlation) descriptive statistics were used in 
presenting the measured variables.  A single factor Analysis of Variance (ANOVA) was 
performed on five variables for each subject.  Variables included for this analysis were 
loading rate at foot contact, peak impact force, peak active phase (second maximum), 
foot contact time, and stride rate.  A Tukey HSD analysis was used to determine which 
time periods were significantly different from time O.  For all analyses, alpha level was 
set at .01.  With ANOVA performed on 5 variables for each of the 15 subjects, it is likely 82 
that some significant changes in the above variables were perhaps due to random 
measurement variation rather than real changes. 
Results 
Test Parameters.  The speed and run duration were listed for each subject in 
Table 4.  1.  Test speeds ranged from 3.12 to 4.63 m·s-
l
.  Average duration of the test run 
for the fifteen subjects was 57 minutes, with a large range of times (31  - 90 minutes).  At 
the end of the test, 12 runners reached an exhaustive state and were unable to continue 
running at the test speed.  Of the remaining three runners (numbers 6,11,14), two 
stopped for equipment reasons and one subject fell from the treadmill.  All three made it 
clear that they were close to ending the test at the time the decision was made to stop the 
run. 
Generalforce characteristics.  All tested runners were considered to be rear-foot 
strikers with initial foot contact noted at the heel.  Average (38-40 stance periods) ground 
reaction force data for three subjects from the beginning and end of the test run are given 
in Figure 4.1.  All three curves have the characteristic early impact peak followed by a 
second longer, larger peak.  The curves depicted are representative of types of changes in 
vertical ground reaction force observed over the entire run.  Small changes in vertical 
ground reaction force and stance time were observed for almost all of the runners .. 
Temporal Characteristics.  It has been observed that a runner adopts a particular 
stride rate to minimize metabolic cost when running at a constant speed (Cavanagh & 
Williams, 1982).  Since speed was held constant over the course of this endurance run, 
stride rate would be expected to remain the same throughout the run at a value to 2000 
1800 
1600 
1400 
/""'.  1200  z 
'-' 
II)  1000  ()  ..... 
0  800  ll. 
600 
400 
200 
0 
0 
2500 
2000 
/""'.  1500  z 
'-' 
II) 
~ 
0  1000  ll. 
500 
0 
0 
0.05  0.1 
0.05 
0.15 
Time (s) 
(A) 
0.1 
Time (s) 
(B) 
Figure 4.1, continued. 
83 
-Beginning 
- End 
0.2  0.25  0.3 
-Beginning 
- End  _j 
0.15  0.2 2500 
2000 
,-._  1500  z 
'-' 
Q) 
2 
0  1000  ll.. 
500 
0 
0  0.05  0.1  0.15 
Time (s) 
(C) 
Figure 4.1 
0.2 
84 
-Beginning 
- End 
0.25  0.3 
Normalized and averaged vertical force curves from the beginning and end of the run for 
subjects A)5, B)lO, and C)ll. Data were normalized to the average contact time from the 
sampling period. 85 
maximize metabolic economy.  Constant stride rate was not observed in this study.  Most 
(ten) runners experienced small, statistically significant changes in stride rate over the 
course of the run (Table 4. 2). The degree of change from initial stride rate was -3.7 to 
4.4%. Though small, these changes represent a deviation from a preferred stride rate at 
the test speed.  Stride rate decreased for a majority (eight) of the subjects. 
Foot contact times were similar to previously reported values (Stewart, 1985; 
Munro et aI.,  1987). Statistically different contact times were observed for nine of the 
runners (Table 4.2).  Observed changes ranged from -3.9 to 8.7% over the run, with three 
subjects increasing and six subjects decreasing foot contact time. 
Table 4.2 

Temporal characteristics during the beginning and end of the test run. 

The percent change in stride rate and foot contact time is also included. 

Stride Rate (hz)  Foot Contact (s) 
Subject  Beg  End  %Change  Beg  End  %Change 
1  1.39  1.39  0  0.232  0.231  -0.3 
2  1.51  1.45  -3.7 *  0.203  0.209  2.8 * 
3  1.42  1.39  -2.0 *  0.213  0.215  0.9 
4  1.46  1.43  -2.1 *  0.217  0.217  -0.1 
5  1.38  1.38  0  0.251  0.258  2.9 * 
6  1.36  1.39  1.8 *  0.262  0.270  3.0 * 
7  1.42  1.40  -1.3 *  0.233  0.227  -2.6 * 
8  1.40  1.35  -3.7 *  0.232  0.237  2.0 
9  1.32  1.38  4.4 *  0.202  0.203  0.5 
10  1.38  1.41  2.0  0.251  0.242  -3.9 * 
11  1.26  1.23  -2.7 *  0.262  0.261  -0.4 
12  1.56  1.51  -3.0 *  0.213  0.217  1.7 * 
13  1.60  1.50  -6.3 *  0.237  0.234  -1.6 * 
14  1.57  1.53  -2.8 *  0.209  0.227  8.7 * 
15  1.56  1.54  1.3 *  0.222  0.230  3.2 * 
*  = indicates difference at p < 0.01 86 
Impact.  Impact forces measured during the first five minutes of the run were 
within typical ranges as reported by previous investigations (Munro et al., 1987; Nigg, 
Bahlsen, Luethi & Stokes, 1987; Nigg, Herzog & Read, 1988; Nilsson & Thorstensson, 
1989).  There was a tendency to increase the maximum impact force over the course of 
the run.  Nine of the fifteen runners experienced increased impact force (Table 4.3), 
although only three of those were statistically significant (p<O.OI).  It is clear that the 
changes in impact peak were not necessarily consistent.  Maximum impact force for a 
sampling period was observed to increase as much as 12% and decrease as much as 13% 
over the course of the entire run.  Some runners had a rather linear increase (subjects 1, 7, 
14) or decrease (subject 15) with the highest value either at the beginning or the end of 
the test run.  Other runners had maximum impact force at various times during the run, 
and this is reflected both in the force data and the maximum percent change in force 
(Table 4.3, last column).  For example, the impact force data for subject 10 follows a U­
pattern, with the lowest impact force occurring in the middle of the run and the highest at 
the end.  Subjects 4 and 11  show the highest average impact forces at approximately 75% 
of the total run time as opposed to the end of the run. 
Loading Rate. Loading rate is indicative of the initial stress the runner 
experiences during foot contact.  Changes in the loading rate of the leg while running at a 
constant speed may be indicative of a shift in the runner's interaction with the ground. 
Almost all of the runners had initial loading rates below those reported by Munro et al. 
(1987), Nigg et al. (1987), and Nigg et al. (1988), although these differences may be 
associated with treadmill versus over-ground running.  A majority (10 of 15) of the 
runners experienced increases in loading rate over the run (Table 4.4).  Of the ten runners Table 4.3 

Maximum force in terms of body weight during the impact phase of foot contact.  All values are mean (sd).  The last two 

columns indicate the magnitude of change as a percent between the beginning and end (% change 0-100) and between 

extreme values (% change Max). 

Subject  0  20-30 
Relative Time 
45-55  70-80  100 
% Change 
0-100 
% Change 
Max 
1  1.49 (0.18)  1.50 (0.16)  1.54 (0.20)  1.54 (0.15)  1.60 (0.22)  7.4  7.4 
2  2.03 (0.21)  2.06 (0.25)  1.96 (0.16)  1.94 (0.19)  2.01 (0.19)  -1  -5.8 
3  2.13 (0.12)  2.16 (0.14)  2.18 (0.16)  2.39 (0.16) *  2.31 (0.17) *  8.5  12.2 
4  2.27 (0.18)  2.22 (0.17)  2.16 (0.13)  2.16 (0.11)  2.20 (0.14)  -3.1  -4.8 
5  1.37 (0.16)  1.31 (0.12)  1.27 (0.10) *  1.22 (0.12) *  1.29 (0.09)  -5.8  -10.9 
6  1.53 (0.09)  1.48 (0.12)  1.52 (0.08)  1.48 (0.08)  1.46 (0.11)  -4.6  -4.6 
7  1.93 (0.18)  1.96 (0.20)  1.98 (0.14)  1.97 (0.15)  2.05 (0.16)  6.2  6.2 
8  2.43 (0.26)  2.67 (0.30)  2.61 (0.26)  2.49 (0.22)  2.73 (0.19)  12.3  12.3 
9  2.53 (0.19)  2.54 (0.15)  2.52 (0.17)  2.49 (0.16)  2.55 (0.15)  0.8  2.4 
10  1.92 (0.12)  1.91 (0.15)  1.80 (0.17)  1.91  (0.18)  2.03 (0.16)  5.7  12.8 
11  2.78 (0.17)  2.84 (0.14)  3.00 (0.19) *  3.20 (0.13) *  3.03 (0.16) *  9  15.1 
12  1.91 (0.14)  1.92 (0.16)  1.82 (0.13)  1.94 (0.23)  1.95 (0.19)  2.1  7.1 
13  1.98 (0.12)  1.90 (0.13)  1.84 (0.14) *  1.82 (0.19) *  1.83 (0.19) *  -7.6  -8.1 
14  1.80 (0.15)  1.90 (0.12)  1.91  (0.10) *  1.96 (0.15) *  2.00 (0.14) *  11.1  11.1 
15  1.93 (0.16)  1.80 (0.11) *  1.71  (0.15) *  1.69 (0.12) *  1.67 (0.12) *  -13.5  -13.5 
* = different from time 0 with p < 0.01 Table 404 

Maximum rate of loading during foot impact in terms of body weights per second.  All values are mean (sd).  The last two 

columns indicate the magnitude of change as a percent between the beginning and end (% change 0-100) and between 

extreme values (% change Max). 

Subject  0  20-30 
Relative Time 
45-55  70-80  100 
% Change 
0-100 
% Change 
Max 
1  74.8 (11.6)  81.6 (18.9)  84.6 (20.9)  86.9 (20.1)  97.1 (22.3) *  29.8  29.8 
2  75.2 (10.9)  76.9 (904)  78.9 (7.9)  81.8 (8.6)  84.3 (11.1) *  12.1  12.1 
3  75.0 (11.6)  80.8 (11.6)  81.9(11.1)  89.1  (18.6) *  86.0 (15.1)  14.7  18.8 
4  85.8 (8.2)  83.5 (8.6)  83.6 (8.2)  83.9 (7.5)  88.1  (604)  2.7  5.5 
5  50.5 (7.8)  50.8 (4.7)  51.6 (6.7)  48.6 (8.1)  50.5 (5.0)  0  -6.2 
6  71.7 (8.2)  65.2 (7.8)  64.6 (7.9)  64.8 (9.5)  65.6 (lOA)  -8.5  -9.9 
7  67.1  (804)  74.6 (10.7)  71.7 (9.6)  72.6 (10.5)  78.8 (10.5) *  1704  1704 
8  72.1 (7.2)  72.9 (9.5)  80.2 (12.2)  86.0 (15.1)  91.5 (15.0) *  26.9  26.9 
9  75.9 (13.2)  79.5 (11.1)  76.0 (10.6)  90.1  (18.3) *  88.0 (16.0) *  15.9  18.7 
10  61.1 (12.3)  56.3 (8.7)  55.8 (6.6)  58.5 (8.0)  55.6 (8.2)  -9  -9 
11  7004 (10.6)  74.9 (1204)  76.0 (13.3)  70.0 (14.9)  84.9 (24.8) *  20.6  21.3 
12  66.8 (9.5)  68.9 (704)  65.3 (8.1)  65.5 (8.7)  66.9 (11.5)  0  -5.2 
13  75.3 (9.0)  7604 (9.8)  77.5 (8.0)  74.8 (804)  76.0 (9.1)  1  -3.5 
14  7504 (18.0)  84.3 (11.6)  80.0 (10.1)  77.1  (6.8)  77.0 (10.0)  2.1  11.8 
15  76.2 (15.2)  76.0 (11.2)  74.0 (8.7)  76.1  (11.6)  77.2 (10.8)  1.3  4.3 
* = different from time 0 with p < 0.01 
00 
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experiencing increased loading rates, six were statistically significant (p<.OI), and the 
percent increase from the beginning to the end of the run ranged from 1 to almost 30%. 
As with the peak impact force, many of the runners exhibited larger or smaller loading 
rates at points other than the beginning or end of the test run.  Some runners showed a 
roughly linearly increase (subjects 1, 2,7,8,9), and others (subjects 4,5, 12, 13, 15) had 
fairly consistent values through out the run.  Some runners had peak or minimum values 
at a time other than the end (subjects 3, 6, 10,  11, and 14).  The maximum percent change 
of loading rate at the sampling periods at 25,50 and 75% of the run time were different 
than the percent change from the beginning to the end for ten of the runners (Table 4.4, 
rightmost two columns).  This indicates that maximum or minimum values occurred 
during the middle of the run, this may indicate inconsistent change in loading rate for 
some subjects. 
Active Peak.  Magnitudes of peak active force were similar to previously reported 
values (Munro et aI.,  1987; Hamill et aI.,  1983; Nilsson & Thorstensson, 1989). 
Observed changes in the active peak (second peak in the observed vertical ground 
reaction force) were smaller than for impact and loading rates.  Less than half (six) of the 
runners experienced significant changes in the peak active force (Table 4.5).  The 
observed tendency was for the peak active force to decrease from 1 to 8% over the course 
of the run, with significant decreases being larger than 2.5%.  These results indicate that 
with intense runs, peak active force is likely to decrease or remain relatively constant. 
Unlike peak impact force and loading rate, the percent change in the active peak force 
from the beginning to end of the run was the same or almost the same as the percent 
difference between the maximum and minimum values (Table 4.5, rightmost two Table 4.5 

Maximum force in terms of body weight during the active phase of foot contact.  All values are mean (sd).  The last two 

columns indicate the change in peak active force from the beginning to end of the run and the maximum change in the case of 

maximum and minimum values not occurring at the beginning and end. 

Subject 
1 
0  20-30 
Relative Time 
45-55  70-80  100 
% Change 
0-100 
% Change 
Max 
2.20 (0.03)  2.21  (0.05)  2.21 (0.05)  2.22 (0.04)  2.23 (0.04)  1.4  1.4 
2  2.73 (0.08)  2.70 (0.08)  2.68 (0.06)  2.66 (0.07) *  2.70 (0.08)  -1.1  -2.6 
3  2.95 (0.09)  3.00 (0.11)  2.99 (0.12)  3.01 (0.11)  2.98 (0.10)  1  2 
4  2.88 (0.09)  2.86 (0.11)  2.89 (0.09)  2.89 (0.08)  2.92 (0.08)  1.4  2.1 
5  2.47 (0.08)  2.46 (0.08)  2.38 (0.07) *  2.39 (0.05) *  2.33 (0.08) *  -5.7  -5.7 
6  2.29 (0.06)  2.29 (0.08)  2.31 (0.08)  2.20 (0.07) *  2.18 (0.08) *  -4.8  -5.6 
7  2.80 (0.05)  2.77 (0.06)  2.81 (0.05)  2.82 (0.05)  2.85 (0.05) *  1.8  2.9 
8  2.72 (0.07)  2.66 (0.06)  2.64 (0.05)  2.70 (0.03)  2.67 (0.08)  -1.8  -2.9 
9  3.45 (0.08)  3.35 (0.10) *  3.41 (0.07)  3.30 (0.08) *  3.17 (0.12) *  -8.1  -8.1 
10  2.61  (0.10)  2.59 (0.11)  2.55 (0.08)  2.58 (0.08)  2.59 (0.09)  -0.8  -2.3 
11  2.90 (0.08)  2.91  (0.10)  2.90 (0.09)  2.91 (0.08)  2.82 (0.10) *  -2.8  -3.1 
12  2.78 (0.12)  2.86 (0.12)  2.85 (0.13)  2.84 (0.14)  2.85 (0.12)  2.5  2.9 
13  2.55 (0.06)  2.60 (0.07)  2.54 (0.07)  2.53 (0.07)  2.50 (0.06)  -2  -3.8 
14  2.87 (0.09)  2.82 (0.11)  2.80 (0.10)  2.81  (0.12)  2.84 (0.12)  -1  -2.4 
15  2.73 (0.07)  2.72 (0.06)  2.71  (0.06)  2.71  (0.05)  2.71 (0.05)  -0.7  -0.7 
* =different from time 0 with p < 0.01 91 
columns).  This may be indicative of more consistent influence from exhaustion on the 
individual runners on this force parameter during stance. 
Discussion 
This study was implemented in order to observe vertical ground reaction forces 
during middle distance, exhaustive runs.  Was the test run "fatiguing" to the individual? 
The methods of this study did not involve ascertaining if physiological fatigue occurred, 
but if subjective exhaustion fatigue as perceived by the individual subject occurred.  In 
order to examine the results of the force measurements in the context of fatigue or 
exhaustion, the cardiac drift experienced by each runner can be examined to determine 
how systemically affected the runner was by the test run.  All of the runners were within 
90% of the maximum heart rate achieved during the maximal V02 test (Table 4.6). 
Although the source of the drift cannot be specifically accounted for, it was most likely in 
some way related to the test intervention (endurance run).  Were the runners 
physiologically fatigued?  Probably so, based on the heart rate data and each subject's 
verbal comments after the test. 
Changes in stride rate over the run are indicative of a fundamental shift in running 
kinematics.  Results presented here indicate that a decrease in stride rate is the typical 
response to exhaustion.  Due to the relationship of stride rate and stride length, a decrease 
in stride rate is directly related to an increase in stride length, which is consistent with 
previous investigations.  Elliot and Ackland (1981) reported a 3.2%, non-significant, 
decrease in stride rate, but this was accompanied by a decrease in stride length so that 92 
Table 4.6 
Heart rate (beats per minute) at the beginning and end of the run.  The percent of either 
measured or predicted maximum heart the runner's were at towards the end of the run. 
Subject  MaximumHR 
* 
Beg  End  %of 
Max 
1  190  170  189  99 
2  196  162  179  91 
3  192  176  195  102 
4  202  177  --­
5  175  150  162  93 
6  196  158  188  96 
7  189  176  190  101 
8  206  172  192  93 
9  193  :j:  159  177  92 
10  211  181  198  94 
11  182 :j:  150  175  96 
12  191  162  176  92 
13  189  141  170  90 
14  174  162  170  98 
15  186  167  181  97 
* =Maximum heart rate achieved during the maximum V02 test 
:j: = Maximum heart rate not measured during the max V02 test.  Value 
given represents an estimated maximum heart rate based on the 
standard equation of 220 - age. 
average speed decreased over the run.  Based on estimated stride rate values presented in 
their results (Figure 4.3b, pg. 305), Verbitsky et al. (1998) found an approximate 3-4% 
decrease in stride rate with a fatigue group.  Siler and Martin (1991) and Williams et al. 
(1991) both observed small increases in stride length (1.6 and 1.9 %, respectively), and 
both acknowledged the large individual variations present.  Elliot and Roberts (1980) 
noted a 2% increase in stride rate and a 2.4% decrease in stride length (both non­
significant) with exhaustion at constant speed.  It is obvious that individuals either 
respond differently to or reach different levels of fatigue, thus averaging data across 
subjects may mask individual responses to fatigue. 93 
If a runner tends to adopt a stride rate that is metabolically economical, then the 
change in stride rate while running at constant speed increases the metabolic cost 
associated with the run.  Of course, this assumes that the optimal stride rate for both 
fatigued and rested conditions are the same.  It can be noted that the observed changes in 
stride rate were small, most likely not significantly different from what is optimal (rested) 
for the runner at the particular test speed.  It may be the case that either larger metabolic 
shifts occur with small changes in stride rate with fatigue or there is a shift to a new 
metabolically optimal stride rate for the given speed during an exhaustive run.  If the 
problem is viewed from the other speed determinant, stride length, the ability to maintain 
stride length may become increasingly difficult to accomplish over the course of a run to 
exhaustion.  Ifstride rate decreases, stride length will increase to maintain a given 
running speed.  This may affect the vertical motion of the body, and more specifically, 
the body's center of mass.  There is a moderate relationship between stride length and 
vertical impulse (r =0.76, Figure 4.2).  Lower stride rate (increased stride length), is 
associated with greater vertical impulse.  Increasing vertical impulse requires greater 
energy expenditure as either greater force must be applied within a specific timeframe or 
lower force must be applied for a longer duration.  Figure 4.3 shows that increased stride 
length was associated more with active peak force and average force over stance (r = 
0.65, r =0.74, respectively) than for foot contact time (r =-0.40).  Thus, runners 
increasing stride length (decreasing stride rate) had to develop and/or contend with 
increased vertical forces.  This did not hold true for all runners that decreased stride rate. 
For example, subject 2 decreased stride rate and decreased both active peak force and 
average force slightly, but did have an increased foot contact time.  While some general 94 
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Stride length and vertical impulse for all fifteen subjects.  The strong relationship (r = 
0.76) between the two variables as can be seen with the accompanying trend line. 95 
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Upper graph depicts average force (solid squares, lower on graph) and peak active force 
(solid diamonds, higher on graph) plotted against stride length.  The lower graph is of 
foot contact time and stride length. 96 
relationships are observed here, the need to identify individual variations remains 
important. 
Small changes (1-8%) were observed in the maximum active phase force. 
Changes in active peak force in this study were similar to those observed by Dickinson 
and colleagues (1985) during a forty-five minute run to exhaustion, although running 
velocity was not held constant in their study.  Stewart (1985) found seven of fifteen 
runners to significantly increase peak active force after one hour of intense running over 
ground.  Increases in active force could reflect increased muscle activation of the 
musculature around the ankle, knee, and possibly hip joints.  Forces acting across these 
joints might also be increased, stressing the musculoskeletal support structure, possibly 
increasing the risk for injury. 
The active phase is also termed the thrust phase.  During this phase, there is an 
energy absorption component and a propulsive component, reflective of the downward 
and upward motion of the center of mass, respectively.  Changes in the forces applied in 
the active phase are indicative of changes in the energy absorption and propulsion phases 
of stance.  Changes in active phase forces may also affect the vertical impulse acting on 
the runner.  In general, there appears to be a moderate positive relationship between 
active peak maximum force and vertical impulse (Figure 4.4).  Ground reaction force is 
reflective of the acceleration of the body's center of mass.  Thus, the vertical impulse 
being applied to the ground is affecting the motion of a runner's center of mass.  There 
should be an association between observed vertical impulse and maximum displac~ment 
of the center of mass.  The displacement of the center of mass during stance was 
determined, using methods similar to Cavagna (1975), for each runner and plotted against 97 
0.2 
0.18 
-.  .' CIl  0.16 
~ 
.D 
'-'  0.14 
co 
CIl - 0.12 ;:::s 
-
S- 0.1 

ca  0.08 
 u ..... 
t:  co  0.06 
>  0.04 
0.02 

0 

2.00 	 2.50  3.00  3.50  4.00 
Active Peak (body weights) 
Figure 4.4 
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vertical impulse, and a strong relationship between the two variables was found (r =  ­
0.77, Figure 4.5).  Runners that increased peak active force over the test also tended to 
increase vertical impulse and increase the displacement of the center of mass, and the 
opposite was observed for those runners that decreased peak active force.  Changes in 
center of mass displacement may alter the external work being performed by the runner 
and most likely change the mechanical energy required to maintain vertical motion. 
The affect of exhaustion on the impact parameters varied between the runners. 
How would the observed changes ultimately affect the runner?  Verbitsky et al. (1998) 
were able to show a relationship between a decreased stride rate and increased tibial 
accelerations with fatigue.  Tibial accelerations have been shown to have a fairly strong 
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Figure 4.5 
Average center of mass displacement during stance versus average vertical impulse for 
all  15 runners.  There is a strong relationship between the displacement of the center of 
mass and the vertical impulse (r =-0.77). 99 
correlation with loading rate (r =0.87) and impact peak (r =0.76) (Henning & Lafortune, 
1991).  It is clear that the changes in peak impact force, loading rate, and stride rate in the 
current study are similar to those observed with tibial accelerations by Verbitsky et al.  A 
decreased stride rate is generally associated with an increase in either impact peak or 
loading rate or both.  Increased stride rate generally resulted in decreases in impact peak 
and/or loading rate.  Dickinson et al. (1985) found that impact peak force increased with 
fatigue, despite a concomitant decrease in speed, and Stewart (1985) found mixed results 
with some runners increasing and some decreasing impact peak force after one hour of 
running.  It is difficult to ascertain if the changes noted in impact peak force are 
associated with increased risk of injury.  Ifit is assumed that microtrauma occurs in the 
connective tissue, bone, and musculature after repeated impacts, and if enough 
microtrauma occurs, then one may argue that the likelihood of injury might increase with 
increases in peak impact force and loading rate.  Interestingly, data presented by Bahlsen 
(1988) suggested higher loading rates and impact peak forces are associated with 
decreased injury risk.  A recent study found no relationship between prior history of tibial 
stress fracture and ground reaction force (Crossley, Bennell, Wrigley & Oakes, 1999). 
Further research is recommended to determine the relationship between injury and 
ground reaction forces in running. 
Changes in impact force characteristics under fatigued conditions were most 
likely due to changes in muscle activation and/or segment orientation at heel strike 
(Gerritsen, van den Bogert & Nigg, 1995).  In addition, increased impact force and 
loading rate may be associated with increased tibial accelerations.  Increased 
accelerations place increased load on the entire body, as they require increased effort to 100 
attenuate them.  Despite increased tibial accelerations noted with increased speed 
(Clarke, Cooper, Clark & Hamill, 1985; Nigg et aI.,  1987; Lafortune, 1991), magnitude 
of the impact shock wave at the head has been found to be consistent across a range of 
speeds (Shorten & Winslow, 1992).  This implies, according to the authors, that there is 
an acceptable level of shock experienced at the head and that body structures between 
point of contact and the head adjust to maintain that level.  Under constant speed 
conditions, as impact parameters change, the shock introduced into the body changes and 
must be attenuated, or shock experienced at the head may alter outside of an acceptable 
range.  Recently, there was no difference in rested and post-fatigue (isolated for 
quadriceps muscle group exercise to failure) head and tibial accelerations for running at a 
constant speed) (Mercer, Hreljac, Dufek & Bates, 1999).  No differences were observed 
despite a small increase in stride rate during the fatigue condition.  Thus it is likely that 
changes in impact force characteristics do not alter head kinematics under fatigued 
conditions. 
Summary 
Changes in vertical ground reaction force parameters were observed during 
endurance running at a constant speed to volitional exhaustion.  Exhaustion affected all 
three of the major vertical force descriptors: loading rate, impact peak, and active peak 
force, although observed differences varied among subjects.  Further, these changes can 
be associated with changes in global body movement (i.e. displacement of the center of 
mass) during the stance phase, which may have detrimental effects on the runner.  It is 
clear that examining data of this nature on an individual basis allows for the description 101 
of changes that may be masked in a group analysis.  It is unclear what deleterious effects 
these changes might have on the runner.  It is also unknown what factor or factors drive 
these changes in ground reaction force.  Further research is needed to address both of 
these issues. 102 
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CHAPTERS 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 
Various changes in running mechanics were found with exhaustion.  For the two 
questions originally proposed, some interesting results were found.  In answer to the first 
question, does vertical stiffness change with exhaustion, the result is a definite "it does". 
Fourteen of the fifteen tested subjects changed vertical stiffness as they fatigued during 
the run to exhaustion.  Changes in vertical stiffness were accompanied by a change in 
stride rate.  Thus, predictions of the spring-mass model hold true under exhaustive 
conditions.  A majority of the significant changes observed were decreases in vertical 
stiffness.  Possible detrimental effects of this change are increased stride length and 
increased vertical displacement of the center of mass.  Both of these changes would seem 
to require increased effort on the part of the runner.  Thus, it is doubtful that these 
changes are a voluntary reaction to exhaustion but are driven by internal, uncontrollable 
factors.  It is possible that injury risk may be increased due to increased shock attenuation 
requirements that may be imposed by altered vertical stiffness.  What does this mean for 
the individual runner?  Any detrimental effects of decreased stiffness while running may 
diminish by simply reducing running speed so that the speed/vertical stiffness 
equilibrium is restored.  Although the runner does not know his or her leg stiffness, 
equilibrium may be restored by reducing speed until the running stride feels comfortable 
again.  This may be impractical under performance conditions but may be good advice 
for recreational runners. 
Relationships between lower limb kinematics and vertical stiffness were much 
less consistent across subjects than changes in vertical stiffness.  Ankle, knee, and thigh 106 
range of motion values were all related to vertical stiffness for most subjects, but not to 
the same degree.  It was originally expected that knee ROM might be related to vertical 
stiffness since it is the influential in determining the body's vertical motion during stance. 
While, knee ROM was important for some subjects, ankle and thigh ROM were just as 
important for others.  Thus, changes in joint motion as related to vertical stiffness seem to 
be highly individual in nature.  The nature of these results may indicate different patterns 
of fatigue with respect to individual joint torsional stiffness.  Either a specific joint is 
affected earlier than others or anatomical differences playa role.  It is clear that these 
results provide some direction for future research but do not give specific information 
regarding how vertical stiffness is changed. 
Results similar to those of the kinematic analysis were obtained for the EMG data. 
Overall, there was a fairly strong relationship of leg stiffness to the muscle activity of the 
prime extensors of the leg, the vastus medialis and lateralis, and gastrocnemius.  Again 
the results varied among individuals, with IEMG activities of some muscles more 
strongly related to vertical stiffness than others.  Some of the observed changes in IEMG 
values may be attributable to changes in muscle activation time.  The gastrocnemius and 
tibialis anterior muscles IEMG values were related to vertical stiffness but this 
relationship mayor may not be meaningful depending on the amount of influence these 
muscles have on the ankle joint and the ankle joint's contribution to total vertical 
stiffness.  This can not be determined from the data presented here, but does provide 
some direction for future work. 107 
While some interesting results were obtained from this research, they provide 
only an additional step toward understanding of fatigue mechanisms in running.  Some 
suggestions and directions for future research based on the results of this study are: 
1. 	 Assessment of  joint stiffness contributions to overall vertical and leg stiffness 
changes with exhaustive running, 
2. 	 Determining of relationships between physiological parameters (muscle 
metabolites) and stiffness parameters, 
3. 	 Determining muscular activity relationship with either vertical stiffness or 
joint stiffness measures with fatigue using a more controlled EMG analysis 
(indwelling electrodes and/or a different fatigue protocol) , 
4. 	 Determine if the metabolically optimal stride rate while running at a constant 
speed shifts under a fatigue condition, 
5. 	 Perform similar intense runs to exhaustion over a variety of speeds (different 
intensities) to observe if patterns of stiffness changes are similar or different 
based on the physiological requirements of the run, 
6. 	 Allow runners to manually change speed to determine if a "comfortable" 
speed can be found, and determine if this relates to stiffness under the fatigued 
condition. 
It is apparent that there are many avenues of research stemming from the results 
presented from the current research.  Eventually, based on the sum of the current research 
and results from studies based on ideas presented above, strategies and training regimens 
may be identified to delay or adapt to the fatigued condition. 108 
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APPENDICES 
APPENDIX A 
EXPERIMENTAL CALCULATIONS 
Mathematical models based on physical principles have been developed in an 
attempt to ascertain the determinants of locomotion.  One such model is a spring-mass 
114 
model that represents the leg as a mass-less spring and the body as a point mass atop the 
spring (Figure I).  The following calculations are based on this model and are similar to 
those described elsewhere (Farley and Gonzalez, 1996; He, Kram, McMahon, 1991; 
McMahon and Cheng, 1990).  The effective vertical stiffness, kvert>  is a function of the 
Figure A. I 
Spring-mass model of the leg (modified from Figure 1, Farley and Gonzalez, 1996). 
Body mass is represented by the ball, and the leg in contact with the ground is 
represented by the spring.  The variables to determine stiffness are the vertical 
displacement of the center of mass (~CM), the change in leg length (&L), and half of 
the angle swept by the leg during stance (8). 
displacement of the center of mass and the peak force during mid-stance, 
k  Fern 
vert= ~Y  ' 
em 115 
where Fern is determined as the vertical ground reaction force which corresponds with the 
largest center of mass displacement during the active portion of the stance phase.  To 
determine the displacement of the center of mass (AYern), the acceleration curve (derived 
by subtracting the runner's weight and dividing the resulting quantities by the runner's 
mass) must undergo a double integration, the process of which has been described in the 
literature (Cappozzo, 1975). 
When a function is integrated, the new function must have a constant term added 
to it.  Similarly, when an acceleration curve is integrated to a velocity curve, an offset 
constant value (vertical velocity of the center of mass at heel strike) must be added to the 
velocity.  Determining this constant offset is fairly straight forward.  The situation looks 
like this: 
TT  T
J  J  a(t)dt = J (v(t) + C)dt = 0, 
000 
where aCt) is the vertical acceleration function for the center of mass during a step, vet) is 
the velocity function with respect to time, C is the constant of integration, T is the 
duration of the step.  The function is equal to zero because during constant speed running, 
the motion of the center of mass is sinusoidal and during a complete running cycle 
experience no net vertical displacement (Cappozzo, 1975).  Since the constant of 
integration C is equivalent to the vertical velocity of the center of mass at heel strike (Vi), 
the following equation can be written, 
fJv(t) +VJdt = 0, 116 
where, v(t) is the velocity, Vi is the initial vertical velocity of the center of mass (and the 
constant of integration), and t is the period of the foot contact.  A difficulty is in 
determining Vi, 
An example of how Vi is determined in this study can be explained through 
examination of some sample data,  Figure 2A shows an acceleration curve of a single step 
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Figure A.2 
A) typical acceleration curve of a running step, B) integration of the acceleration curve 
without adding the constant of integration, and C) velocity curve after determination of 
Vi (constant of integration), 
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(stance followed by the flight until the opposite foot heel strike).  If the acceleration-time 
function (Figure 2A) is integrated directly without the constant of integration, the result 
of the integration will look like Figure 2B with initial velocity at heelstrike of zero.  The 
true initial velocity (the constant of integration) can determined by applying the 
additional constraint of vertical displacement y =O.  This amounts to shifting the axis up 
to a point where the vet) integral across T is zero.  In order to determine the constant of 
integration, a value that can be added to every term, so that the integral equals zero, is 
found.  When the constant of integration is determined, it can then be added to every 
term.  The result of this can be seen in Figure 2C.  The area under this curve is zero, and 
once integrated can be used to determine the displacement of the center of mass during 
stance as a function of time. 
Through preliminary calculations based on collected data from a previous study, 
the maximum displacement of the center of mass does not occur precisely at the same 
moment as the peak active force.  Generally, the maximum center of mass displacement 
occurs slightly prior to the peak active force.  Therefore the force value which 
corresponds to the greatest dYcm is slightly less than the peak active phase force. 
Leg stiffness is a function of the maximum change in leg length and the peak 
force during midstance (Farley and Gonzalez, 1996), 
F  peak
 k leg 
= 
AT' 

ilLleg 
where the Fpeak is determined simply by finding the maximum vertical force, and the 
change in leg length ( &leg) is determined as a function of the center of mass 118 
displacement (dYcm), initial leg length (Lo), and half of the angle swept by the leg spring 
during stance (8), 
dL = dy
em + LoO-cos 8). 
The half angle (8) is calculated from the forward velocity (Vforward), the foot contact time 
(fc), and the initial leg length (Lo), 
8 =sin -1  (T), 
where, 
Vforward te 
T=  2Lo 
For a depiction of the model besides Figure 1 in the Background and Significance 
section, please see Fig. 1 from Farley and Gonzalez, 1996, and Fig. 2 in McMahon and 
Cheng, 1990. 
In order to implement the calculations outlined above, initial, resting leg length, 
forward velocity, foot contact time, and vertical ground reaction force must be known. 119 
APPENDIXB 

HUMAN SUBJECTS CONSENT FORM 

Consent Form 
Oregon State University 
Corvallis, Oregon 
Title: 	 Changes in running mechanics during a run to voluntary 
exhaustion 
Investigators: 	Darren Dutto, M.S. and Gerald Smith Ph.D. 
Purpose: 	 To determine if leg mechanical properties change during a run 
to fatigue. 
I have received an oral and written explanation of this study and I understand that as a 
participant in the study the following things will occur: 
1. Oral questionnaire (to be completed prior to participation). Current training status 
(minimum of 30 miles per week running and a self-paced or performance time in a 
marathon or half-marathon in the previous 3 months) and immediate running injury 
history. 
2.V02 max test.  A V02max test will be performed to determine maximal oxygen 
consumption. 
3. Biomechanical data collection.  After a brief warm-up period, a single run to 
exhaustion will be performed.  The pace will be determined so that fatigue will occur 
around 60 minutes.  Force, EMG, and video data will be collected every ten minutes and 
just prior to stopping.  Small, reflective markers will be placed using double-sided tape to 
the right hip, knee, and the ankle, as well as to the front and rear of their right shoe for 
video analysis.  Small electrodes will placed over five muscles.  Preparation of the skin 
under the electrodes will include: removal of hair, light skin abrasion, and cleansing with 
an alcohol swab. 
All testing will be performed in room 15 in the basement of the Women's Building at 
Oregon State University. 
I will need to report on two days, prearranged with the investigator, to perform the 
treadmill running.  The V02 max test will occur during the first session.  Within 5 to 7 
days the run to voluntary exhaustion will occur. 120 
I understand that there is minimal risk to my person for this particular test, though 
running to fatigue may be associated with muscle soreness.  Coronary complications such 
as chest pain, irregular heart beats, or even death have occasionally been associated with 
vigorous exercise.  Based on my relatively good training status and fitness level, it is 
unlikely that problems will be encountered. 
I understand that the University does not provide a research subject with compensation or 
medical treatment in the event that the subject is injured as a result of participation in the 
research project. 
Any information obtained from me will be kept confidential.  A code number will be 
used to identify any test results or other information that I provide.  The only persons 
who will have access to this information will be the investigators and no names will be 
used in any data summaries or publications. 
The benefits of my participation in the study include contributing to the scientific study 
of exercise and sports science.  Specifically, my participation will advance the 
understanding of the kinetics of running and possible mechanisms of fatigue.  I also will 
receive, if I so desire, an evaluation of my running technique based on the force 
measurements of my run. 
I have been informed and understand the nature and purpose of this research.  The 
researchers have offered to answer any questions that I might have.  I understand that my 
participation is completely voluntary and that I may either refuse to participate or 
withdraw from the study at any time, including after the start of the test. 
If any questions arise during my participation in this research project, I am to call Darren 
Dutto at (541) 737-5933 or Gerald Smith at (541) 737-5928.  Any other questions that I 
have should be directed to Mary Nunn, Sponsored Programs Officer, OSU Research 
Office, (541) 737-0670. 
My signature below indicates that I have read and that I understand the procedures 
described above and give my informed consent to participate in this study.  I understand 
that I will receive a signed copy of the consent form. 
Subject's Signature  Name of Subject 
Date 
Investigator's Signature  Date Table C.1.1 

Kinematic and EMG Data for Subject 1. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
BF 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
BF 
ON 
(%) 
BF 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  22,949 
(967) 
36.9 
(1.3) 
50.8 
(1.8) 
52.7 
(1.1) 
42 
(9) 
16 
(1) 
27 
(2) 
12 
(1) 
96 
(5.5) 
19 
(0.6) 
96 
(2.5) 
15 
(0.4) 
82 
(3.9) 
24 
(5.2) 
35 
(1.4) 
14 
(1.5) 
10  22,712 
(910) 
36.7 
(1.6) 
50.6 
(1.7) 
52.8 
(1.4) 
32 
(4) 
16 
(2) 
31 
(5) 
13 
(3) 
98 
(1.61 
18 
(0.4} 
96 
_(3.4) 
19 
(2.1) 
74 
(7.8) 
17 
(3.7) 
36 
(0.3) 
15 
(2.8) 
15  22,870 
(817) 
37.1 
(1.1) 
50.7 
(2.3) 
52.3 
(0.4) 
43 
(12) 
17 
(2) 
28 
(9) 
16 
(8) 
96 
(1.3) 
19 
(1.5) 
98 
(1.0) 
14 
(1.4) 
83 
(6.4) 
20 
(3.3) 
41 
(1.5) 
14 
(0.6) 
20  22,655 
(899) 
35.7 
(1.0) 
51.2 
(1.2) 
52.3 
(2.0) 
32 
(6) 
18 
(4) 
35 
(7) 
13 
(2) 
98 
(1.6) 
18 
(2.6) 
95 
(2.3) 
18 
(2.0) 
73 
(5.2) 
21 
(0.1) 
37 
(0.1) 
15 
(1.6) 
25  22,900 
(852) 
36.8 
(0.8) 
50.1 
(3.1) 
52.6 
(1.3) 
34 
(6) 
20 
(2) 
26 
(5) 
16 
(8) 
97 
(0.4) 
21 
(0.6) 
97 
(3.7) 
17 
(1.7) 
77 
(0.1) 
23 
(0.4) 
35 
(0.1) 
14 
(0.6) 
30  22,678 
(898) 
36.5 
(1.3) 
51.6 
(1.2) 
52.6 
(0.8) 
29 
(5) 
19 
(2) 
25 
(2) 
12 
(1) 
99 
(0.6) 
19 
(0.8) 
98 
(2.7) 
16 
(1.4) 
78 
(0.8) 
23 
(1.5) 
46 
(1.1) 
19 
(2.3) 
35  22,681 
(863) 
38.7 
(1.8) 
50.6 
(1.1) 
53.5 
(0.8) 
24 
(2) 
19 
(3) 
24 
(5) 
12 
(1) 
96 
(0.2) 
19 
(1.0) 
95 
(0.1) 
17 
(2.0) 
80 
(2.1) 
19 
(1.6) 
42 
(2.7) 
15 
(1.3) 
40  22,637 
(1,187) 
35.7 
(1.5) 
51.4 
(2.1) 
52.8 
(1.3) 
27 
(3) 
20 
(2) 
23 
(3) 
13 
(2) 
94 
(2.5) 
23 
(4.1) 
95 
(2.1) 
14 
(2.4) 
81 
(1.6) 
22 
(0.4) 
41 
(1.8) 
16 
(0.4) 
45  22,579 
(1,213) 
40.1 
(1.7) 
52.0 
(1.4) 
53.7 
(0.6) 
24 
(5) 
21 
(2) 
23 
(2) 
11 
(2) 
95 
(1.6) 
19 
(0.9) 
96 
(2.9) 
17 
(1.5) 
80 
(0.8) 
22 
(0.9) 
45 
(2.2) 
17 
(0.1) 
50  22,310 
(854) 
36.3 
(1.6) 
51.4 
(1.3) 
53.3 
(1.2) 
36 
(4) 
21 
(3) 
28 
(2) 
13 
(1) 
97 
(0.8) 
17 
(0.6) 
95 
(4.5) 
16 
(0.6) 
79 
(0.2) 
22 
(2.2) 
50 
(22.6) 
17 
(3.7) 
55  22,502 
(845) 
39.1 
(0.5) 
51.6 
(2.4) 
53.7 
(1.5) 
35 
(5) 
23 
(2) 
23 
(2) 
12 
(1) 
95 
(0.6) 
21 
(0.9) 
96 
(4.7) 
15 
(0.3) 
80 
(1.0) 
22 
(1.1) 
41 
(7.1) 
18 
(0.8) 
61  22,599 
(1,086) 
35.8 
(1.6) 
51.8 
(1.6) 
53.7 
(0.4) 
39 
(4) 
21 
(4) 
28 
(3) 
0 
(0) 
96 
(1.1) 
18 
(1.0) 
98 
(0.9) 
19 
(1.1) 
78 
(1.8) 
21 
(0.3) 
34 
(3.6) 
19 
(0.6) 
..... 
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Table C.l.2 
Stiffness Data for Subject 1. 
Time 
(min) 
K1eg 
(N/m) 
Kvert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  10020 
(404) 
22949 
(967) 
24.9 
(0.5) 
0.232 
(0.004) 
0.359 
(0.006) 
10  9847 
(324) 
22712 
(910) 
25.1 
(0.4) 
0.234 
(0.004) 
0.358 
(0.006) 
15  9974 
(330) 
22870 
(817) 
25.0 
(0.4) 
0.232 
(0.004) 
0.360 
(0.005) 
20  9948 
(386) 
22655 
(899) 
25.0 
(0.5) 
0.232 
(0.004) 
0.360 
(0.007) 
25  10006 
(380) 
22900 
(852) 
24.9 
(0.5) 
0.231 
(0.004) 
0.359 
(0.006) 
30  9929 
(378) 
22678 
(898) 
25.0 
(0.5) 
0.232 
(0.004) 
0.360 
(0.006) 
35  10029 
(368) 
22681 
(863) 
24.8 
(0.4) 
0.231 
(0.004) 
0.361 
(0.006) 
40  10059 
(420) 
22637 
(1187) 
24.8 
(0.4) 
0.230 
(0.004) 
0.361 
(0.007) 
45  9947 
(475) 
22579 
(1213) 
24.9 
(0.5) 
0.232 
(0.004) 
0.361 
(0.008) 
50  9821 
(299) 
22310 
(854) 
25.2 
(0.4) 
0.234 
(0.003) 
0.361 
(0.006) 
55  9964 
(419) 
22502 
(845) 
25.0 
(0.5) 
0.232 
(0.005) 
0.362 
(0.005) 
60  9898 
(374) 
22542 
(1008) 
25.1 
(0.5) 
0.233 
(0.004) 
0.360 
(0.007) 
61  10040 
(424) 
22599 
(1086) 
24.9 
(0.4) 
0.231 
(0.004) 
0.360 
(0.007) 123 
Table C.l.3 

Vertical Force Data for Subject 1. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1637 
(25) 
1108 
(136) 
55601 
(8590) 
945 
(16) 
70 
(3) 
-0.071 
(0.003) 
10  1629 
(32) 
1095 
(136) 
58977 
(12536) 
931 
(20) 
67 
(5) 
-0.072 
(0.003) 
15  1636 
(32) 
1078 
(132) 
56635 
(9134) 
940 
(14) 
69 
(3) 
-0.072 
(0.003) 
20  1641 
(36) 
1113 
(122) 
60634 
(14009) 
941 
(16) 
69 
(3) 
-0.073 
(0.003) 
25  1632 
(35) 
1126 
(100) 
63668 
(14632) 
936 
(17) 
68 
(4) 
-0.071 
(0.003) 
-0.072 
(0.002) 
30  1636 
(34) 
1067 
(116) 
62461 
(12384) 
935 
(18) 
68 
(4) 
35  1645 
(39) 
1144 
(146) 
62836 
(15514) 
947 
(19) 
70 
(4) 
-0.073 
(0.002) 
40  1647 
(35) 
1151 
(113) 
58530 
(14657) 
953 
(17) 
72 
(4) 
-0.073 
(0.003) 
45  1638 
(41) 
1177 
(123) 
58774 
(12738) 
947 
(20) 
71 
(4) 
-0.073 
(0.003) 
50  1651 
(35) 
1145 
(111) 
64591 
(14927) 
936 
(17) 
69 
(4) 
-0.074 
(0.003) 
55  1651 
(39) 
1186 
(118) 
66500 
(18189) 
947 
(24) 
71 
(5) 
-0.073 
(0.003) 
60  1646 
(31) 
1127 
(123) 
65855 
(15066) 
931 
(17) 
67 
(4) 
-0.073 
(0.003) 
61  1655 
(31) 
1189 
(160) 
72139 
(16561) 
939 
(19) 
69 
(4) 
-0.073 
(0.003) 124 
Table C.1.4 

Summary of ANDV  A results for vertical stiffness (kvert), Subject 1. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  1383688  12  1153074  1.257  .241 
Within  4.38E+08  478  917036.8 
Total  4.52E+08  490 125 
Table C.2.1 

Kinematic and EMG Data for Subject 2. 

Step  Kvert  KROM  AROM  TROM  IEMG 
G 
IEMG 
TA 
G 
ON 
(%) 
G 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  30,212 
(1,164) 
35.9 
(2.9) 
46.4 
(1.4) 
47.3 
(1.4) 
23 
(2) 
15 
(1) 
89 
(2.1) 
25 
(0.3) 
44 
(1.8) 
4 
(2.7) 
10  29,268 
(917) 
33.3 
(3.1) 
48.2 
(1.7) 
50.4 
(1.5) 
23 
(2) 
18 
(8) 
91 
(1.6) 
23 
(0.3) 
39 
(0.1) 
6 
(8.4) 
15  29,756 
(1,106) 
33.3 
(2.7) 
48.8 
(1.2) 
52.0 
(1.6) 
25 
(1) 
25 
(11) 
88 
(0.7) 
26 
(0.1) 
41 
(4.9) 
18 
(2.7) 
20  29,250 
(1,176) 
32.4 
(1.9) 
45.8 
(1.7) 
51.6 
(1.6) 
27 
(3) 
15 
(2) 
86 
(2.5) 
25 
(0.1) 
39 
(2.4) 
19 
(1.2) 
25  29,112 
(965) 
32.5 
(1.2) 
47.0 
(3.4) 
49.7 
(2.9) 
25 
(1) 
21 
(2) 
90 
(2.8) 
24 
(1.3) 
37 
(1.0) 
20 
(0.5) 
30  29,266 
(873) 
32.5 
(2.5) 
49.3 
(1.9) 
50.8 
(1.9) 
26 
(3) 
23 
(2) 
90 
(4.7) 
22 
(0.8) 
37 
(0.5) 
17 
(3.3) 
35  29,253 
(834) 
31.2 
(1.9) 
47.3 
(1.5) 
51.6 
(1.5) 
35 
(7) 
38 
(3) 
86 
(0.6) 
25 
(0.7) 
39 
(2.9) 
17 
(2.8) 
40  28,771 
(1,224) 
30.6 
(1.5) 
49.1 
(1.9) 
52.3 
(0.8) 
27 
(2) 
25 
(2) 
85 
(0.5) 
24 
(0.3) 
38 
(3.2) 
14 
(1.8) 
45  28,702 
(1,082) 
32.7 
(1.8) 
48.2 
(0.9) 
51.9 
(0.9) 
41 
(7) 
39 
(7) 
84 
(0.6) 
21 
(0.0) 
41 
(1.6) 
17 
(4.9) 
50  28,935 
(1,108) 
31.5 
(1.2) 
46.9 
(2.3) 
50.4 
(1.8) 
54 
(17) 
46 
(0) 
81 
(2.2) 
23 
(3.8) 
34 
(1.1) 
16 
(4.1) 
55  28,581 
(1,115) 
30.7 
(2.8) 
51.1 
(1.1) 
50.5 
(1.6) 
29 
(4) 
16 
(3) 
80 
(5.2) 
23 
(0.2) 
47 
(8.4) 
20 
(1.7) 
60  28,958 
(1,317) 
30.3 
(2.4) 
48.2 
(1.7) 
51.6 
(1.5) 
28 
(5) 
28 
(5) 
94 
(8.0) 
23 
(0.4) 
34 
(5.4) 
17 
(0.1) 
65  28,362 
(1,191) 
30.7 
(2.8) 
48.7 
(1.0) 
50.4 
(1.1) 
28 
(3) 
15 
(1) 
85 
(2.8) 
23 
(0.9) 
39 
(3.8) 
17 
(2.6) 
72  27,803 
(941) 
31.0 
(1.4) 
49.3 
(1.3) 
52.4 
(1.8) 
37 
(5) 
0 
(0) 
85 
(3.2) 
23 
(0.9) 
39 
(3.9) 
17 
(2.5) 126 
Table C.2.2 
Stiffness Data for Subject 2. 
Time 
(min) 
Kleg 
(N/m) 
Kvert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  11933 
(432) 
30212 
(1164) 
25.9 
(0.5) 
0.203 
(0.004) 
0.331 
(0.009) 
10  11730 
(407) 
29268 
(917) 
26.1 
(0.5) 
0.205 
(0.004) 
0.337 
(0.008) 
15  11682 
(437) 
29756 
(1106) 
26.1 
(0.5) 
0.205 
(0.003) 
0.334 
(0.008) 
20  11498 
(453) 
29250 
(1176) 
26.2 
(0.4) 
0.206 
(0.003) 
0.336 
(0.009) 
25  11489 
(452) 
29112 
(965) 
26.3 
(0.5) 
0.207 
(0.004) 
0.337 
(0.007) 
30  11271 
(399) 
29266 
(873) 
26.6 
(0.6) 
0.208 
(0.004) 
0.336 
(0.007) 
35  11433 
(487) 
29253 
(834) 
26.3 
(0.6) 
0.207 
(0.004) 
0.336 
(0.006) 
40  11132 
(506) 
28771 
(1224) 
26.7 
(0.7) 
0.209 
(0.005) 
0.337 
(0.008) 
45  11359 
(370) 
28702 
(1082) 
26.4 
(0.5) 
0.207 
(0.003) 
0.338 
(0.008) 
50  11208 
(385) 
28935 
(1108) 
26.5 
(0.5) 
0.208 
(0.003) 
0.337 
(0.009) 
55  11049 
(409) 
28581 
(1115) 
26.7 
(0.5) 
0.209 
(0.003) 
0.337 
(0.009) 
60  11216 
(483) 
28958 
(1317) 
26.5 
(0.6) 
0.208 
(0.004) 
0.334 
(0.008) 
65  10996 
(459) 
28362 
(1191) 
26.7 
(0.5) 
0.209 
(0.004) 
0.337 
(0.008) 
70  11024 
(505) 
28243 
(1121) 
26.5 
(0.6) 
0.208 
(0.004) 
0.339 
(0.009) 
72  11067 
(533) 
27803 
(941) 
26.6 
(0.6) 
0.209 
(0.004) 
0.344 
(0.007) 127 
Table C.2.3 

Vertical Force Data for Subject 2. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1953 
(56) 
1455 
(149) 
53761 
(7797) 
1093 
(24) 
77 
(4) 
-0.065 
(0.003) 
10  1968 
(54) 
1470 
(156) 
51464 
(7536) 
1103 
(28) 
80 
(5) 
-0.067 
(0.003) 
15  1943 
(47) 
1420 
(133) 
54709 
(5828) 
1090 
(26) 
77 
(5) 
-0.065 
(0.003) 
20  1931 
(61) 
1476 
(178) 
55015 
(6720) 
1089 
(27) 
78 
(5) 
-0.066 
(0.003) 
25  1948 
(53) 
1433 
(142) 
56044 
(6291) 
1088 
(25) 
78 
(4) 
-0.067 
(0.003) 
30  1917 
(51) 
1386 
(152) 
53206 
(5170) 
1072 
(26) 
75 
(5) 
-0.066 
(0.003) 
35  1927 
(55) 
1426 
(175) 
56796 
(5414) 
1079 
(30) 
76 
(5) 
-0.066 
(0.002) 
40  1915 
(45) 
1398 
(116) 
56385 
(5662) 
1067 
(24) 
74 
(4) 
-0.067 
(0.003) 
45  1947 
(40) 
1471 
(132) 
.58947 
(5297) 
1086 
(21) 
78 
(4) 
-0.068 
(0.003) 
50  1905 
(49) 
1395 
(131) 
54403 
(8069) 
1065 
(21) 
74 
(4) 
-0.066 
(0.003) 
55  1899 
(51) 
1400 
(136) 
58515 
(9161) 
1057 
(27) 
72 
(5) 
-0.067 
(0.003) 
60  1901 
(47) 
1385 
(135) 
58518 
(6163) 
1058 
(23) 
72 
(4) 
-0.066 
(0.004) 
65  1893 
(48) 
1411 
(145) 
61083 
(4771) 
1060 
(22) 
73 
(4) 
-0.067 
(0.003) 
70  1886 
(69) 
1449 
(158) 
61250 
(6339) 
1069 
(29) 
74 
(5) 
-0.067 
(0.003) 
72  1930 
(59) 
1439 
(138) 
60242 
(7912) 
1081 
(28) 
77 
(5) 
-0.069 
(0.002) 128 
Table C.2.4 

Summary of ANOV  A results for vertical stiffness (kverD, Subject 2. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  65850953  10  6585095  8.457  .000 
Within  2.9IE+08  374  778635.6 
Total  3.57E+08  384 
Table C.2.5 

Summary of pair-wise comparisons for vertical stiffness (kvert), Subject 2. 

2  3  4  5  6  7  8  9  10  11  12  13  14  15 
1  <.01  - <.01  .001  <.01  <.01  <.001  <.001  <.001  <.001  <.001  <.001  <.001  <.001 
~  - - <.001  <.001  <.001  <.001  <.001  <.001  - - - <.01  <.001 
3  - - - - <.01  <.01  - <.001  - <.001  <.001  <.001 
~  - - - - - - - - - <.01  <.001 
~  - - - - - - - - - <.001 
~  - - - - - - - <.01  <.001 
~  - - - - - - <.01  <.001 
8  - - - - - - <.01 
~  - - - - - -
10  - - - - <.001 
11  - - - -
12  - - <.001 
13  - -
14  -Table C.3.1 

Kinematic and EMG Data for Subject 3. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
BF 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
BF 
ON 
(%) 
BF 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  24,273 
(845) 
29.3 
(1.8) 
61.1 
(2.8) 
57.4 
(1.4) 
58 
(0) 
51 
(7) 
31 
(2) 
10 
(2) 
81 
(0.6) 
20 
(4.8) 
83 
(4.7) 
19 
(1.6) 
89 
(0.8) 
24 
(1.1) 
85 
(4.1) 
18 
(0.6) 
10  24,352 
(936) 
30.3 
(1.9) 
61.4 
(2.7) 
56.6 
(1.6) 
11 
(2) 
67 
(27) 
111 
(23) 
32 
(4) 
15 
(2) 
92 
(2.4) 
11 
(0.6) 
91 
(1.4) 
13 
(1.3) 
88 
(0.4) 
22 
(0.1) 
87 
(1.3) 
27 
(0.8) 
49 
(2.2) 
17 
(0.9) 
15  24,346 
(921) 
28.8 
(2.0) 
62.1 
(1.9) 
57.5 
(1.2) 
14 
(2) 
112 
(43) 
95 
(23) 
33 
(2) 
14 
(1) 
90 
(2.5) 
12 
(1.5) 
92 
(1.2) 
14 
(0.1) 
81 
(0.6) 
18 
(1.5) 
90 
(1.3) 
24 
(0.1) 
47 
(0.1) 
17 
(0.5) 
20  24,051 
(889) 
29.1 
(1.4) 
60.5 
(2.9) 
58.0 
(1.4) 
114 
(12) 
74 
(13) 
27 
(2) 
22 
(1) 
87 
(5.4) 
16 
(1.5) 
80 
(2.8) 
20 
(1.0) 
89 
(0.9) 
25 
(0.8) 
49 
(1.9) 
15 
(2.5) 
25  23,127 
(966) 
28.9 
(2.0) 
60.5 
(3.5) 
57.4 
(1.5) 
90 
(41) 
83 
(19) 
30 
(2) 
19 
(2) 
88 
(1.1) 
16 
(2.1) 
84 
(2.5) 
21 
(1.1) 
86 
(6.5) 
28 
(2.1) 
50 
(0.9) 
17 
(3.3) 
30  23,369 
(843) 
28.5 
(1.5) 
58.0 
(1.8) 
57.7 
(1.7) 
45 
(4) 
57 
(5) 
27 
(2) 
13 
(2) 
90 
(2.7) 
14 
(1.0) 
86 
(3.4) 
22 
(1.3) 
91 
(1.6) 
26 
(0.3) 
48 
(1.1) 
18 
(1.4) 
37  23,597 
(893) 
29.7 
(1.5) 
57.6 
(1.7) 
58.5 
(1.2) 
33 
(7) 
49 
(5) 
24 
(2) 
11 
(1) 
89 
(2.6) 
15 
(1.2) 
84 
(0.1) 
21 
(4.2) 
91 
(0.3) 
24 
(0.4) 
46 
(2.2) 
17 
(0.8) 
- N 
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Table C.3.2 
Stiffness Data for Subject 3. 
Time 
(min) 
Kleg 
(N/m) 
K vert 
(nlm) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  8420 
(410) 
24273 
(845) 
31.8 
(0.6) 
0.213 
(0.004) 
0.352 
(0.005) 
10  8660 
(467) 
24352 
(936) 
31.3 
(0.7) 
0.210 
(0.004) 
0.354 
(0.006) 
15  8767 
(471) 
24346 
(921) 
31.1 
(0.6) 
0.209 
(0.004) 
0.355 
(0.005) 
20  8521 
(405) 
24051 
(889) 
31.8 
(0.6) 
0.213 
(0.004) 
0.359 
(0.005) 
25  8081 
(363) 
23127 
(966) 
32.6 
(0.5) 
0.218 
(0.003) 
0.359 
(0.005) 
30  8233 
(379) 
23369 
(843) 
32.4 
(0.6) 
0.217 
(0.004) 
0.358 
(0.005) 
35  8406 
(438) 
23413 
(1231) 
31.8 
(0.6) 
0.213 
(0.003) 
0.360 
(0.006) 
36  8297 
(382) 
23379 
(923) 
32.0 
(0.6) 
0.214 
(0.004) 
0.360 
(0.005) 
37  8284 
(333) 
23597 
(893) 
32.1 
(0.6) 
0.215 
(0.003) 
0.359 
(0.005) l31 
Table C.3.3 
Vertical Force Data for Subject 3. 
Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1775 
(55) 
1281 
(71) 
45160 
(6961) 
986 
(21) 
82 
(4) 
-0.073 
(0.002) 
10  1800 
(61) 
1301 
(77) 
47616 
(7029) 
1000 
(25) 
84 
(5) 
-0.074 
(0.002) 
15  1804 
(67) 
1299 
(87) 
48622 
(7005) 
1014 
(21) 
87 
(4) 
-0.074 
(0.002) 
20  1823 
(75) 
1329 
(80) 
46032 
(6818) 
1007 
(22) 
87 
(4) 
-0.076 
(0.003) 
25  1798 
(72) 
1311 
(96) 
49317 
(6674) 
984 
(22) 
84 
(5) 
-0.078 
(0.003) 
30  1817 
(64) 
1355 
(79) 
47926 
(7418) 
988 
(27) 
84 
(5) 
-0.078 
(0.002) 
35  1810 
(64) 
1441 
(94) 
53664 
(11219) 
1006 
(20) 
87 
(4) 
-0.077 
(0.003) 
36  1794 
(59) 
1369 
(101) 
63044 
(22662) 
998 
(25) 
85 
(5) 
-0.077 
(0.002) 
37  1792 
(62) 
1393 
(104) 
51792 
(9110) 
995 
(23) 
85 
(4) 
-0.076 
(0.002) 132 
Table C.3.4 

Summary of ANOVA results for vertical stiffness (kvert), Subject 3. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  75192805  8  9399101  10.545  .000 
Within  3.1IE+08  349  891346.3 
Total  3.86E+08  357 
Table C.3.5 

Summary of ANOVA results for vertical stiffness (kvert), Subject 3. 

2  3  4  5  6  7  8  9 
1  - - - <.001  .001  <.01  .001  -
2  - - <.001  <.001  <.001  <.001  <.01 
3  - <.001  <.001  <.001  <.001  .01 
4  <.001  - - - -
5  - - - -
6  - - -
7  - -
8  -Table CA.1 

Kinematic and EMG Data for Subject 4. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  22,920 
(859) 
39.3 
(1.9) 
52.9 
(1.3) 
48.0 
(1.0) 
30 
(4) 
14 
(1) 
26 
(2) 
23 
(1) 
85 
(7.1) 
45 
(38.0) 
92 
(3.6) 
14 
(1.3) 
77 
(0.7) 
21 
(2.1) 
33 
(1.6) 
15 
(1.6) 
10  22,355 
(868) 
37.4 
(1.5) 
52.1 
(0.8) 
47.3 
(1.1) 
27 
(4) 
18 
(3) 
25 
(3) 
19 
(2) 
92 
(5.6) 
16 
(1.1) 
96 
(8.9) 
15 
(0.6) 
84 
(0.1) 
25 
(0.6) 
34 
(1.1) 
10 
(2.9) 
15  21,914 
(754) 
39.2 
(1.7) 
51.1 
(2.0) 
47.5 
(1.2) 
24 
(5) 
14 
(3) 
23 
(0) 
18 
(1) 
90 
(5.2) 
17 
(0.8) 
96 
(0.4) 
15 
(1.0) 
79 
(0.6) 
22 
(1.6) 
34 
(0.5) 
15 
(3.3) 
20  21,558 
(821) 
40.0 
(2.4) 
53.0 
(1.5) 
47.3 
(0.7) 
30 
(5) 
16 
(3) 
23 
(3) 
17 
(1) 
91 
(3.7) 
16 
(2.0) 
92 
(2.3) 
15 
(2.4) 
77 
(1.1) 
20 
(2.1) 
36 
(0.7) 
15 
(0.2) 
25  21,554 
(696) 
41.5 
(2.1) 
53.6 
(0.6) 
49.2 
(1.1) 
30 
(3) 
13 
(3) 
20 
(1) 
19 
(2) 
83 
(4.2) 
18 
(1.4) 
92 
(4.0) 
15 
(0.8) 
80 
(0.6) 
22 
(1.4) 
40 
(3.0) 
16 
(2.7) 
30  21,674 
(738) 
38.6 
(1.7) 
54.6 
(1.6) 
48.9 
(1.0) 
33 
(5) 
19 
(3) 
21 
(2) 
18 
(2) 
89 
(2.1) 
19 
(3.5) 
93 
(1.2) 
14 
(1.3) 
80 
(0.5) 
23 
(1.4) 
37 
(1.2) 
16 
(0.8) 
35  21,678 
(816) 
38.9 
(1.6) 
54.0 
(0.7) 
45.6 
(1.2) 
28 
(3) 
17 
(4) 
21 
(3) 
17 
(2) 
79 
(0.6) 
17 
(0.9) 
93 
(0.8) 
15 
(0.0) 
78 
(0.8) 
21 
(1.9) 
29 
(11.9) 
16 
(2.3) 
40  21,846 
(587) 
37.3 
(2.1) 
52.9 
(3.3) 
46.5 
(1.4) 
39 
(4) 
18 
(2) 
23 
(2) 
17 
(2) 
80 
(0.9) 
15 
(0.1) 
95 
(1.6) 
14 
(0.6) 
80 
(0.6) 
22 
(1.3) 
37 
(1.9) 
13 
(1.0) 
45  21,643 
(577) 
34.2 
(1.2) 
53.1 
(0.9) 
49.7 
(0.9) 
30 
(2) 
16 
(3) 
24 
(1) 
18 
(1) 
85 
(1.7) 
17 
(1.3) 
92 
(0.1) 
16 
(0.6) 
80 
(0.6) 
22 
(1.4) 
37 
(1.7) 
15 
(0.6) 
50  21,422 
(652) 
37.8 
(1.2) 
54.2 
(0.7) 
47.6 
(0.7) 
33 
(4) 
20 
(3) 
22 
(2) 
18 
(1) 
89 
(0.6) 
15 
(0.2) 
92 
(4.2) 
14 
(1.2) 
78 
(0.8) 
21 
(1.8) 
35 
(0.6) 
14 
(0.8) 
55  21,984 
(660) 
34.5 
(2.5) 
53.7 
(0.7) 
48.4 
(0.9) 
28 
(4) 
17 
(4) 
22 
(1) 
17 
(2) 
93 
(3.9) 
18 
(2.1) 
55 
(49.8) 
15 
(0.6) 
79 
(0.7) 
22 
(1.5) 
37 
(7.5) 
15 
(3.0) 
60  21,605 
(753) 
36.5 
(2.1) 
54.5 
(1.6) 
47.5 
(1.1) 
29 
(3) 
22 
(5) 
24 
(2) 
16 
(1) 
91 
(0.5) 
16 
(0.6) 
86 
(15.4) 
14 
(0.0) 
80 
(0.6) 
22 
(1.4) 
40 
(2.3) 
14 
(0.8) 
65  21,375 
(738) 
36.8 
( 1.4) 
55.2 
(1.5) 
47.8 
(1.6) 
34 
(7) 
16 
(1) 
22 
(2) 
17 
(1) 
92 
(1.6) 
13 
(1.1) 
92 
(3.3) 
14 
(1.5) 
79 
(0.7) 
22 
(1.7) 
36 
(2.8) 
14 
(1.6) 
70  21,563 
(607) 
36.4 
(1.1) 
54.8 
(0.7) 
47.4 
(0.5) 
32 
(7) 
22 
(5) 
23 
(2) 
17 
(1) 
88 
(2.9) 
19 
(4.1) 
90 
(7.4) 
15 
(0.9) 
79 
(0.6) 
22 
(1.5) 
36 
(2.8) 
14 
(1.7) 134 
Table C.4.2 
Stiffness Data for Subject 4. 
Time 
(min) 
Kleg 
(N/m) 
K vert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  8995 
(341) 
22920 
(859) 
27.9 
(0.6) 
0.217 
(0.004) 
0.342 
(0.008) 
10  8650 
(351) 
22355 
(868) 
28.5 
(0.6) 
0.221 
(0.004) 
0.344 
(0.009) 
15  8523 
(288) 
21914 
(754) 
28.7 
(0.5) 
0.223 
(0.004) 
0.343 
(0.009) 
20  8407 
(364) 
21558 
(821) 
28.8 
(0.6) 
0.224 
(0.004) 
0.347 
(0.009) 
25  8651 
(374) 
21554 
(696) 
28.3 
(0.6) 
0.220 
(0.004) 
0.349 
(0.008) 
30  8574 
(357) 
21674 
(738) 
28.7 
(0.5) 
0.223 
(0.004) 
0.352 
(0.008) 
35  8555 
(345) 
21678 
(816) 
28.8 
(0.6) 
0.223 
(0.004) 
0.352 
(0.008) 
40  8558 
(314) 
21846 
(587) 
28.7 
(0.4) 
0.223 
(0.003) 
0.350 
(0.007) 
45  8455 
(268) 
21643 
(577) 
28.8 
(0.5) 
0.224 
(0.003) 
0.348 
(0.008) 
50  8396 
(262) 
21422 
(652) 
29.06 
(0.4) 
0.225 
(0.003) 
0.349 
(0.009) 
55  8703 
(373) 
21984 
(660) 
28.3 
(0.7) 
0.220 
(0.005) 
0.349 
(0.008) 
60  8716 
(383) 
21605 
(753) 
28.2 
(0.6) 
0.219 
(0.004) 
0.349 
(0.008) 
65  8654 
(408) 
21375 
(738) 
28.4 
(0.7) 
0.221 
(0.005) 
0.350 
(0.008) 
70  8857 
(309) 
21563 
(607) 
27.9 
(0.6) 
0.217 
(0.004) 
0.349 
(0.007) 135 
Table C.4.3 

Vertical Force Data for Subject 4. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1617 
(49) 
1272 
(102) 
48124 
(4577) 
912 
(31) 
77 
(7) 
-0.071 
(0.004) 
10  1604 
(52) 
1260 
(82) 
47761 
(4285) 
903 
(28) 
76 
(6) 
-0.072 
(0.004) 
15  1611 
(58) 
1241 
(89) 
48856 
(4501) 
896 
(29) 
75 
(6) 
-0.074 
(0.004) 
20  1604 
(60) 
1246 
(94) 
46863 
(4833) 
899 
(30) 
76 
(6) 
-0.075 
(0.004) 
25  1623 
(57) 
1211 
(66) 
48669 
(3229) 
916 
(26) 
79 
(5) 
-0.075 
(0.004) 
30  1633 
(53) 
1228 
(70) 
47171 
(4220) 
913 
(27) 
79 
(5) 
-0.075 
(0.003) 
35  1638 
(46) 
1208 
(74) 
46791 
(2586) 
911 
(23) 
79 
(5) 
-0.076 
(0.004) 
40  1619 
(51) 
1212 
(71) 
46869 
(4580) 
902 
(22) 
76 
(4) 
-0.074 
(0.003) 
45  1616 
(45) 
1240 
(64) 
48933 
(4263) 
895 
(23) 
75 
(5) 
-0.075 
(0.003) 
50  1623 
(50) 
1229 
(63) 
47953 
(3247) 
892 
(20) 
75 
(4) 
-0.076 
(0.003) 
55  1619 
(43) 
1211 
(62) 
47093 
(4188) 
908 
(28) 
77 
(5) 
-0.074 
(0.003) 
60  1625 
(44) 
1236 
(80) 
49287 
(3943) 
913 
(27) 
77 
(5) 
-0.075 
(0.003) 
65  1647 
(51) 
1226 
(74) 
49604 
(3849) 
905 
(25) 
77 
(5) 
-0.077 
(0.004) 
70  1638 
(43) 
1237 
(77) 
49416 
(3583) 
915 
(24) 
77 
(4) 
-0.076 
(0.003) 136 
Table C.4.4 

Summary of ANOV  A results for vertical stiffness (kverD, Subject 4. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  87969074  13  6766852  12.728  .000 
Within  2.90E+08  546  531631.1 
Total  3.78E+08  559 
Table C.4.5 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 4. 

2  3  4  5  6  7  8  9  10  11  12  13  14 
1  - <.001  <.001  <.001  <.001  <.001  <.001  <.001  <.001  <.001  <.001  <.001  <.001 
2  - <.001  <.001  <.01  <.01  <.001  .001  <.001  - <.001  <.001  <.001 
3  - - - - - - - - - - -
f4  - - - - - - - - - -
~  - - - - - - - - -
ki  - - - - - - - -
[  - - - - - - -
8  - - - - - -
~  - - - - -
10  - - - -
11  - - -
12  - -
13  -Table C.S.1 

Kinematic and EMG Data for Subject S. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  24,727 
(1,338) 
45.1 
(2.6) 
55.8 
(2.3) 
41.4 
(1.2) 
41 
(3) 
19 
(3) 
26 
(2) 
17 
(2) 
79 
(7.9) 
18 
(Ll) 
80 
(13.1) 
16 
(1.6) 
88 
(13.1) 
27 
(4.1) 
40 
(8.6) 
28 
(7.6) 
10  24,000 
(1,887) 
43.3 
(2.2) 
53.3 
(1.7) 
45.5 
(1.3) 
40 
(4) 
15 
(2) 
25 
(2) 
14 
(1) 
78 
(6.9) 
20 
(0.3) 
92 
(1.9) 
16 
(0.6) 
94 
(5.2) 
28 
(1.8) 
48 
(2.9) 
22 
(1.2) 
15  22,929 
(1,501) 
45.4 
(1.9) 
53.1 
(2.0) 
47.5 
(1.3) 
38 
(5) 
16 
(1) 
24 
(3) 
27 
(9) 
82 
(4.2) 
18 
(0.7) 
91 
(4.0) 
16 
(1.2) 
88 
(0.2) 
26 
(3.0) 
45 
(5.2) 
23 
(0.8) 
20  23,273 
1(1,717) 
44.9 
(1.4) 
53.0 
(2.0) 
45.9 
(2.7) 
40 
(5) 
18 
(2) 
25 
(2) 
15 
(1) 
89 
(0.1) 
20 
(1.5) 
94 
(2.6) 
15 
(0.9) 
89 
(2.9) 
29 
(1.1) 
47 
(0.1) 
25 
(4.6) 
25  23,379 
(2,079) 
42.2 
(4.3) 
50.5 
(1.5) 
48.1 
(1.9) 
35 
(4) 
15 
(3) 
23 
(3) 
14 
(1) 
86 
(1.9) 
19 
(0.4) 
93 
(1.2) 
15 
(0.1) 
91 
(2.8) 
28 
(1.9) 
41 
(8.3) 
20 
(Ll) 
30  23,600 
(1,479) 
40.5 
(2.7) 
53.0 
(1.3) 
47.0 
(0.8) 
38 
(5) 
17 
(1) 
23 
(1) 
15 
(1) 
89 
(Ll) 
20 
(1.2) 
94 
(1.8) 
15 
(Ll) 
87 
(2.5) 
28 
(1.9) 
47 
(0.8) 
21 
(0.1) 
35  23,695 
(1,760) 
43.7 
(2.2) 
52.7 
(1.4) 
43.1 
(0.9) 
38 
(4) 
20 
(2) 
23 
(3) 
15 
(1) 
82 
(1.3) 
18 
(1.8) 
91 
(1.8) 
16 
(0.7) 
88 
(2.9) 
28 
(2.7) 
46 
(1.2) 
21 
(5.2) 
40  24,003 
(1,713) 
40.3 
(2.2) 
52.0 
(0.9) 
48.0 
(1.0) 
41 
(7) 
15 
(2) 
25 
(3) 
16 
(2) 
86 
(0.1) 
17 
(1.8) 
94 
(0.3) 
16 
(1.4) 
88 
(0.4) 
29 
(0.1) 
35 
(1.2) 
17 
(7.7) 
45  22,948 
(1,723) 
38.3 
(Ll) 
53.6 
(1.7) 
49.4 
(1.6) 
40 
(6) 
17 
(3) 
23 
(2) 
18 
(2) 
86 
(2.1) 
15 
(4.8) 
96 
(1.0) 
19 
(2.2) 
89 
(0.1) 
28 
(2.3) 
43 
(0.4) 
22 
(1.4) 
50  22,696 
(1,438) 
47.6 
(3.1) 
48.8 
(1.1) 
44.4 
(0.8) 
39 
(8) 
21 
(1) 
24 
(2) 
17 
(1) 
87 
(1.5) 
18 
(0.2) 
95 
(3.3) 
17 
(0.5) 
89 
(1.0) 
26 
(1.0) 
39 
(5.7) 
22 
(0.4) 
55  25,415 
(972) 
40.5 
(1.2) 
55.2 
(1.2) 
46.7 
(2.0) 
35 
(5) 
17 
(2) 
24 
(2) 
16 
(0) 
91 
(3.0) 
20 
(0.1) 
91 
(4.9) 
15 
(0.1) 
91 
(0.1) 
28 
(0.2) 
47 
(3.5) 
22 
(2.1) 
60  23,781 
(1,533) 
42.6 
(2.9) 
49.3 
(0.7) 
49.6 
(0.3) 
40 
(8) 
22 
(3) 
23 
(2) 
18 
(1) 
90 
(0.3) 
18 
(1.4) 
94 
(1.8) 
18 
(3.0) 
85 
(3.5) 
29 
(0.0) 
40 
(5.2) 
20 
(1.3) 
65  23,531 
(1,876) 
43.1 
(0.9) 
50.9 
(2.4) 
44.3 
(1.1) 
38 
(4) 
24 
(2) 
16 
(1) 
88 
(1.3) 
21 
(2.3) 
91 
(0.4) 
28 
(0.3) 
45 
(2.5) 
21 
(0.1) 
70  23,627 
(1,473) 
36.9 
(3.5) 
47.2 
(2.1) 
48.4 
( 1.4) 
37 
(8) 
23 
(1) 
14 
(1) 
88 
(2.4) 
17 
(0.2) 
88 
(2.5) 
29 
(0.0) 
48 
(0.3) 
19 
(2.1) Table C.5.1, continued. 

Kinematic and EMG Data for Subject 5. 

Step  K vert  KROM  AROM  TROM  IEMG IEMG IEMG IEMG  VM  VM  VL  VL  G  G  TA  TA 
VM  VL  G  TA  ON  OFF  ON  OFF  ON  OFF  ON  OFF 
(%)  (%)  (%)  (%)  (%)  (%)  (%)  (%) 
78  23,898  40.7  46.4  44.5  37  23  15  90  18  90  29  42  21 
(1,604)  (2.0)  (1.5)  (1.2)  (4)  (2)  (1)  (4.3)  (2.7)  (0.3)  (0.2)  (0.2)  (0.8) 
.... 
w 
00 139 
Table C.5.2 
Stiffness Data for Subject 5. 
Time 
(min) 
Kleg 
(N/m) 
Kvert 
(nlm) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  9928 
(520) 
24727 
(1338) 
27.1 
(0.7) 
0.251 
(0.006) 
0.361 
(0.007) 
10  9841 
(709) 
24000 
(1887) 
27.2 
(0.8) 
0.252 
(0.007) 
0.365 
(0.008) 
15  9401 
(467) 
22929 
(1501) 
27.8 
(0.5) 
0.257 
(0.004) 
0.364 
(0.005) 
20  9347 
(458) 
23273 
(1717) 
27.9 
(0.5) 
0.258 
(0.004) 
0.363 
(0.008) 
25  9440 
(611) 
23378 
(2079) 
27.9 
(0.7) 
0.257 
(0.006) 
0.363 
(0.005) 
30  9431 
(446) 
23600 
(1479) 
27.9 
(0.6) 
0.257 
(0.005) 
0.362 
(0.007) 
35  9357 
(488) 
23695 
(1760) 
27.9 
(0.6) 
0.258 
(0.005) 
0.361 
(0.006) 
40  9302 
(495) 
24003 
(1713) 
27.8 
(0.5) 
0.257 
(0.004) 
0.361 
(0.008) 
45  9096 
(475) 
22947 
(1722) 
28.1 
(0.5) 
0.259 
(0.004) 
0.365 
(0.006) 
50  9025 
(315) 
22695 
(1438) 
28.2 
(0.5) 
0.260 
(0.004) 
0.366 
(0.005) 
55  9923 
(346) 
25415 
(972) 
27.1 
(0.5) 
0.251 
(0.004) 
0.358 
(0.006) 
60  9269 
(448) 
23781 
(1533) 
27.9 
(0.5) 
0.258 
(0.004) 
0.363 
(0.006) 
65  9101 
(563) 
23531 
(1876) 
28.0 
(0.6) 
0.259 
(0.005) 
0.363 
(0.008) 
70  9053 
(404) 
23627 
(1473) 
28.1 
(0.5) 
0.260 
(0.004) 
0.362 
(0.006) 
75  9229 
(459) 
24124 
(1682) 
28.0 
(0.5) 
0.258 
(0.004) 
0.362 
(0.008) 
78  9114 
(501) 
23898 
(1604) 
28.0 
(0.6) 
0.258 
(0.005) 
0.362 
(0.010) 140 
Table C.5.3 

Vertical Force Data for Subject 5. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1838 
(59) 
1024 
(120) 
37583 
(5793) 
1041 
(30) 
75 
(7) 
-0.075 
(0.005) 
10  1862 
(60) 
1002 
(110) 
37938 
(4341) 
1046 
(24) 
77 
(5) 
-0.078 
(0.006) 
15  1852 
(51) 
937 
(91) 
35522 
(4585) 
1028 
(20) 
74 
(4) 
-0.081 
(0.006) 
20  1835 
(58) 
975 
(91) 
37853 
(3525) 
1020 
(17) 
72 
(4) 
-0.079 
(0.007) 
25  1853 
(52) 
969 
(90) 
36771 
(5356) 
1021 
(20) 
72 
(4) 
-0.080 
(0.008) 
30  1839 
(45) 
947 
(93) 
36156 
(458) 
1015 
(17) 
71 
(4) 
-0.078 
(0.005) 
35  1815 
(47) 
940 
(96) 
36601 
(5925) 
1008 
(18) 
69 
(4) 
-0.077 
(0.006) 
40  1775 
(53) 
948 
(75) 
38479 
(4965) 
1003 
(17) 
68 
(4) 
-0.074 
(0.006) 
45  1788 
(51) 
919 
(88) 
36967 
(5971) 
1004 
(15) 
68 
(4) 
-0.078 
(0.006) 
50  1792 
(46) 
920 
(90) 
35665 
(7233) 
1003 
(10) 
68 
(3) 
-0.079 
(0.006) 
55  1811 
(58) 
894 
(71) 
34885 
(5338) 
1012 
(21) 
68 
(5) 
-0.071 
(0.004) 
60  1781 
(41) 
906 
(91) 
36235 
(6045) 
998 
(17) 
67 
(4) 
-0.075 
(0.005) 
65  1757 
(45) 
941 
(69) 
36385 
(3719) 
995 
(18) 
66 
(4) 
-0.075 
(0.006) 
70  1748 
(48) 
943 
(55) 
36586 
(2883) 
988 
(14) 
64 
(3) 
-0.074 
(0.005) 
75  1761 
(44) 
919 
(88) 
36110 
(4679) 
992 
(15) 
65 
(3) 
-0.073 
(0.005) 
78  1735 
(57) 
959 
(68) 
37610 
(3720) 
99q 
(20) 
64 
(5) 
-0.073 
(0.005) 141 
Table C.5.4 

Summary of ANOVA results for vertical stiffness (kvert), Subject 5. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  2.62E+08  15  174844508  6.578  .000 
Within  1.56E+09  588  2658229 
Total  1.83E+09  603 
Table C.5.5 

Summary of ANOVA results for vertical stiffness (kvert), Subject 5. 

2  3  4  5  6  7  8  9  10  11  12  13  14  15  16 
1  - .001  <.01  - - - - <.001  <.001  - - - - - -
2  - - - - - - - - - - - - - -
3  - - - - - - - <.001  - - - - -
4  - - - - - - <.001  - - - - -
5  - - - - - <.001  - - - - -
6  - - - - <.001  - - - - -
7  - - - <.001  - - - - -
8  - - - - - - - -
9  - <.001  - - - - -
10  <.001  - - - - -
11  .001  <.001  <.001  - -
12  - - - -
13  - - -
14  - -
15  -Table C.6.1 

Kinematic and EMG Data for Subject 6. 

Step  K vert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  17,950 
(735) 
30.0 
(1.0) 
53.0 
(2.2) 
44.7 
(1.5) 
86 
(9) 
36 
(4) 
19 
(2) 
11 
(0) 
84 
(5.3) 
20 
(0.1) 
80 
1(15.3) 
19 
(1.1) 
92 
(0.3) 
23 
(0.2) 
47 
(0.4) 
22 
(1.0) 
to  17,532 
.. (820) 
32.7 
(1.3) 
52.4 
(1.1) 
44.9 
(0.6) 
83 
(to) 
34 
(6) 
19 
(1) 
12 
(1) 
82 
(1.8) 
20 
(5.9) 
91 
(1.7) 
18 
(3.6) 
92 
(1.3) 
25 
(0.0) 
46 
(0.8) 
24 
(0.8) 
15  17,559 
(1,109) 
28.2 
(2.4) 
54.2 
(0.6) 
44.9 
(0.6) 
80 
(12) 
35 
(5) 
21 
(3) 
11 
(0) 
81 
(5.3) 
19 
(0.6) 
91 
(0.0) 
18 
(1.2) 
93 
(1.3) 
21 
(1.6) 
47 
(1.5) 
22 
J1.2) 
20  17,817 
(1,067) 
28.2 
(2.1) 
53.8 
(1.3) 
46.5 
(3.1) 
77 
(13) 
35 
(6) 
19 
(2) 
11 
(1) 
80 
(1.2) 
21 
(0.6) 
92 
(1.6) 
18 
(1.8) 
91 
(1.0) 
22 
(3.8) 
50 
(2.5) 
29 
(7.4) 
25  17,616 
(889) 
33.1 
(1.5) 
53.0 
(1.8) 
44.5 
(1.2) 
85 
(to) 
36 
(5) 
22 
(1) 
12 
(1) 
85 
(6.6) 
21 
(0.7) 
92 
(3.7) 
17 
(0.6) 
91 
(1.1) 
23 
(1.3) 
51 
(4.5) 
20 
(0.3) 
30  16,815 
(1,649) 
29.7 
(2.5) 
51.8 
(2.5) 
45.0 
(2.8) 
83 
(20) 
38 
(to) 
20 
(1) 
12 
(1) 
83 
(3.8) 
20 
(0.1) 
92 
(0.7) 
18 
(0.0) 
96 
(1.0) 
24 
(3.1) 
49 
(0.1) 
23 
(2.1) 
35  18,064 
(843) 
30.3 
(1.7) 
53.1 
(3.2) 
44.8 
(2.7) 
83 
(8) 
36 
(5) 
19 
(1) 
12 
(1) 
86 
(5.2) 
16 
(0.4) 
92 
(0.3) 
16 
(0.1) 
94 
(0.8) 
21 
(1.1) 
46 
(0.6) 
21 
(2.8) 
40  16,939 
(1,333) 
31.9 
(1.0) 
51.3 
(2.0) 
44.3 
(0.8) 
81 
(11) 
34 
(4) 
21 
(2) 
12 
(1) 
79 
(1.6) 
20 
(1.8) 
92 
(2.1) 
18 
(1.3) 
95 
(0.4) 
23 
(1.5) 
50 
(1.6) 
25 
(1.0) 
45  17,604 
(806) 
30.6 
(0.5) 
54.0 
(3.7) 
46.0 
(0.7) 
91 
(15) 
41 
(5) 
21 
(2) 
12 
(0) 
79 
(0.2) 
20 
(2.6) 
91 
(0.9) 
16 
(0.2) 
92 
(1.4) 
23 
(2.8) 
47 
(0.2) 
22 
(1.8) 
50  17,193 
(1,271) 
29.9 
(1.0) 
54.3 
(0.7) 
45.7 
(1.5) 
78 
(20) 
36 
(6) 
20 
(2) 
11 
(1) 
76 
(4.0) 
21 
(1.4) 
92 
(0.4) 
18 
(1.7) 
93 
(0.1) 
23 
(0.6) 
50 
(2.1) 
24 
(3.3) 
55  17,988 
(1,037) 
31.3 
(1.4) 
53.1 
(0.9) 
44.7 
(1.4) 
81 
(8) 
38 
(5) 
21 
(3) 
11 
(0) 
81 
(0.6) 
18 
(0.1) 
92 
(0.6) 
16 
(2.2) 
95 
(1.8) 
23 
(1.8) 
49 
(0.8) 
24 
(2.0) 
60  17,326 
(1,205) 
27.7 
(1.5) 
53.0 
(1.7) 
46.5 
(1.8) 
77 
(7) 
34 
(4) 
19 
(2) 
11 
(1) 
84 
(1.8) 
19 
(0.4) 
93 
(0.3) 
17 
(1.3) 
95 
(1.9) 
25 
(2.2) 
48 
(1.1) 
24 
(2.8) 
65  18,281 
(825) 
29.4 
(2.0) 
51.7 
(3.5) 
43.5 
(2.9) 
77 
(13) 
35 
(8) 
20 
(1) 
11 
(1) 
83 
(3.0) 
21 
(0.7) 
92 
(1.5) 
17 
(1.0) 
94 
(Ll) 
22 
(2.6) 
49 
(3.6) 
22 
(1.2) 
70  18,377 
(1,116) 
32.3 
(1.2) 
51.7 
(2.1) 
43.5 
(1.0) 
80 (8)  35 
(4) 
20 
(1) 
12 
(1) 
84 
(8.5) 
20 
(0.5) 
91 
(0.2) 
17 
(l.l) 
92 
(0.4) 
21 
(1.8) 
49 
(0.7) 
21 
(3.1) Table C.6.1, continued. 

Kinematic and EMG Data for Subject 6. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
75  18,217 
(998) 
31.1 
(2.9) 
51.9 
(1.1) 
42.8 
(1.5) 
79 
(12) 
37 
(7) 
21 
(2) 
12 
(1) 
82 
(3.6) 
21 
(0.7) 
94 
(0.8) 
16 
(2.8) 
94 
(1.0) 
22 
(1.8) 
50 
(0.1) 
19 
(0.9) 
80  18,841 
(776) 
32.0 
(0.9) 
50.5 
(1.4) 
43.2 
(1.2) 
80 
(11) 
36 
(5) 
20 
(2) 
12 
(1) 
81 
(3.3) 
20 
(1.0) 
92 
(0.9) 
17 
(1.3) 
94 
(1.0) 
23 
(1.9) 
49 
(1.3) 
22 
(1.9) 
83  18,165 
(1,050) 
29.9 
(3.5) 
53.9 
(0.3) 
42.4 
(0.1) 
77 (4)  35 
(2) 
21 
(1) 
12 
(1) 
85 
(6.6) 
22 
(0.6) 
92 
(1.2) 
16 
(0.4) 
93 
(0.9) 
23 
(1.6) 
49 
(1.3) 
21 
(1.0) 144 
Table C.6.2 
Stiffness Data for Subject 6. 
Time 
(min) 
K1eg 
(N/m) 
Kvert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  7901 
(433) 
17950 
(735) 
25.8 
(0.7) 
0.366 
(0.008) 
51.471 
(4.907) 
10  7704 
(384) 
17532 
(820) 
26.2 
(0.6) 
0.367 
(0.006) 
53.981 
(5.625) 
15  7768 
(420) 
17559 
(1109) 
26.2 
(0.6) 
0.366 
(0.009) 
55.422 
(8.297) 
20  7711 
(464) 
17817 
(1067) 
26.3 
(0.7) 
0.365 
(0.009) 
49.997 
(5.582) 
25  7600 
(424) 
17616 
(889) 
26.5 
(0.6) 
0.365 
(0.006) 
50.322 
(5.568) 
30  7452 
(592) 
16815 
(1649) 
26.8 
(0.8) 
0.363 
(0.008) 
56.393 
(6.909) 
35  7622 
(488) 
18064 
(843) 
26.4 
(0.7) 
0.362 
(0.008) 
46.598 
(5.398) 
40  7515 
(543) 
16939 
(1333) 
26.6 
(0.7) 
0.366 
(0.007) 
56.602 
(5.451) 
45  7677 
(439) 
17604 
(806) 
26.3 
(0.6) 
0.367 
(0.007) 
55.087 
(5.802) 
50  7486 
(545) 
17193 
(1271) 
26.6 
(0.8) 
0.365 
(0.006) 
53.242 
(4.957) 
55  7509 
(515) 
17988 
(1037) 
26.5 
(0.8) 
0.364 
(0.007) 
45.767 
(5.760) 
60  7591 
(413) 
17326 
(1205) 
26.3 
(0.6) 
0.368 
(0.006) 
53.183 
(6.900) 
65  7622 
(444) 
18281 
(825) 
26.3 
(0.7) 
0.362 
(0.007) 
45.510 
(5.524) 
70  7542 
(455) 
18377 
(1116) 
26.6 
(0.6) 
0.359 
(0.007) 
43.785 
(4.875) 
75  7409 
(450) 
18217 
(998) 
26.6 
(0.7) 
0.361 
(0.007) 
41.452 
(4.735) 
80  7557 
(430) 
18841 
(776) 
26.4 
(0.7) 
0.356 
(0.007) 
38.831 
(3.461) 
83  7452 
(475) 
18165 
(1050) 
26.6 
(0.8) 
0.360 
(0.007) 
42.090 
(7.890) 145 
Table C.6.3 

Vertical Force Data for Subject 6. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1318 
(33) 
882 
(53) 
41212 
(4729) 
0.26 
(0.01) 
51 
(5) 
-0.074 
(0.003) 
10  1329 
(33) 
855 
(62) 
40191 
(5989) 
0.27 
(0.01) 
54 
(6) 
-0.076 
(0.004) 
15  1341 
(55) 
867 
(59) 
37860 
(6284) 
0.27 
(0.01) 
55 
(8) 
-0.077 
(0.006) 
20  1320 
(42) 
865 
(55) 
37238 
(5501) 
0.27 
(0.01) 
50 
(6) 
-0.074 
(0.005) 
25  1319 
(47) 
853 
(68) 
37508 
(4493) 
0.27 
(0.01) 
50 
(6) 
-0.075 
(0.004) 
30  1345 
(48) 
865 
(66) 
38772 
(5641) 
0.27 
(0.01) 
56 
(7) 
-0.081 
(0.009) 
35  1290 
(49) 
849 
(58) 
38790 
(4592) 
0.27 
(0.01) 
47 
(5) 
-0.071 
(0.003) 
40  1344 
(39) 
864 
(55) 
38294 
(5742) 
0.27 
(0.01) 
57 
(5) 
-0.080 
(0.006) 
45  1326 
(48) 
873 
(44) 
37142 
(4512) 
0.27 
(0.01) 
55 
(6) 
-0.075 
(0.003) 
50  1319 
(38) 
850 
(47) 
39555 
(4665) 
0.27 
(0.01) 
53 
(5) 
-0.077 
(0.005) 
55  1271 
(47) 
847 
(54) 
40405 
(5046) 
0.27 
(0.01) 
46 
(6) 
-0.071 
(0.004) 
60  1316 
(45) 
845 
(53) 
36223 
(4569) 
0.27 
(0.01) 
53 
(7) 
-0.076 
(0.007) 
65  1267 
(40) 
851 
(45) 
37252 
(5476) 
0.27 
(0.01) 
46 
(6) 
-0.069 
(0.003) 
70  1268 
(36) 
837 
(44) 
38179 
(3998) 
0.27 
(0.01) 
44 
(5) 
-0.069 
(0.004) 
75  1243 
(33) 
818 
(62) 
37320 
(4985) 
0.27 
(0.01) 
41 
(5) 
-0.068 
(0.004) 
80  1230 
(36) 
850 
(67) 
37951 
(4786) 
0.27 
(0.01) 
39 
(3) 
-0.065 
(0.002) 
83  1255 
(47) 
839 
(66) 
37698 
(5994) 
0.27 
(0.01) 
42 
(8) 
-0.069 
(0.005) 146 
Table C.6.4 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 6. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  1.78E+08  16  11128718  10.010  .000 
Within  7.15E+08  643  1111711 
Total  8.93E+08  659 
Table C.6.5 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 6. 

2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17 
1  - - - - <.001  - <.01  - - - - - - - - -
2  - - - - - - - - - - - - - <.001  -
3  - - - - - - - - - - - - <.001  -
~  - <.01  - - - - - - - - - <.01  -
5  - - - - - - - - - - <.001  -
0  <.001  - - - <.001  - <.001  <.001  <.001  <.001  <.001 
7  <.001  - - - - - - - - -
8  - - <.01  - <.001  <.001  <.001  <.001  <.001 
9  - - - - - - <.001  -
10  - - <.01  <.001  <.01  <.001  <.01 
11  - - - - - -
12  <.01  <.01  - <.001  -
13  - - - -
14  - - -
15  - -
16  -Table C.7.1 

Kinematics and EMG Data for Subject 7. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  23,214 
(816) 
39.5 
(3.2) 
50.2 
(1.0) 
51.6 
(1.1) 
31 
(5) 
30 
(3) 
22 
(3) 
11 
{1) 
87 
(1.6) 
14 
(2.0) 
91 
(3.4) 
13 
(0.8) 
66 
(43.7) 
25 
(2.2) 
38 
(3.5) 
16 
(1.3) 
10  23,423 
(767) 
40.0 
(0.9) 
50.1 
(1.0) 
53.4 
(0.7) 
20 
(2) 
28 
(2) 
16 
(2) 
11 
(0) 
92 
(2.1) 
17 
(1.3) 
93 
(2.9) 
18 
(0.6) 
97 
(1.6) 
29 
(1.8) 
36 
(1.6) 
16 
(0.4) 
15  22,829 
(634) 
39.0 
(1.9) 
48.3 
(2.9) 
51.8 
(1.6) 
20 
(2) 
29 
(3) 
16 
(2) 
11 
(1) 
91 
(3.8) 
14 
(0.7) 
87 
(0.3) 
15 
(1.0) 
94 
(0.5) 
26 
(0.7) 
35 
(0.4) 
18 
(2.3) 
20  22,634 
(718} 
37.6 
(2.7) 
49.1 
(1.6) 
51.4 
(1.0) 
20 
(3) 
30 
(4) 
15 
(2) 
12 
(1) 
90 
(5.7) 
17 
(4.2) 
89 
(5.7) 
16 
(0.9) 
96 
(0.4) 
25 
(0.2) 
38 
(0.6) 
20 
(3.8) 
25  22,538 
(542) 
39.7 
(2.2) 
50.2 
(1.6) 
51.4 
(1.1) 
19 
(2) 
31 
(5) 
16 
(2) 
10 
(1) 
92 
(0.1) 
15 
(1.3) 
92 
(0.2) 
16 
(4.6) 
91 
(3.0) 
26 
(1.4) 
45 
(3.3) 
18 
(3.6) 
30  22,782 
(646) 
39.2 
(1.6) 
50.0 
(2.7) 
50.6 
(1.1) 
22 
(3) 
31 
(3) 
17 
(1) 
11 
(1) 
90 
(4.4) 
14 
(2.2) 
89 
(1.8) 
16 
(0.4) 
95 
(0.8) 
24 
(1.8) 
41 
(1.5) 
16 
(0.1) 
35  22,987 
(642) 
36.8 
(3.0) 
49.7 
(1.1) 
51.4 
(0.9) 
22 
(2) 
32 
(5) 
17 
(2) 
11 
(1) 
94 
(4.5) 
16 
(3.7) 
90 
(1.5) 
14 
(0.0) 
95 
(1.3) 
21 
(6.0) 
38 
(0.2) 
17 
(4.4) 
41  23,217 
(595) 
37.1 
(2.0) 
48.6 
(0.9) 
51.4 
(0.7) 
27 
(2) 
32 
(2) 
16 
(1) 
11 
(1) 
93 
(3.0) 
14 
(0.6) 
89 
(1.1) 
14 
(0.5) 
94 
(1.6) 
24 
(1.0) 
35 
(1.8) 
17 
(1.3) 148 
Table C.7.2 
Stiffness Data for Subject 7. 
Time 
(min) 
K1eg 
(N/m) 
Kvert 
(nlm) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  8859 
(437) 
23214 
(815) 
28.9 
(0.8) 
0.233 
(0.006) 
0.353 
(0.005) 
10  8858 
(369) 
23423 
(766) 
28.9 
(0.6) 
0.232 
(0.005) 
0.351 
(0.005) 
15  8668 
(333) 
22828 
(633) 
29.1 
(0.6) 
0.234 
(0.005) 
0.354 
(0.005) 
20  8825 
(394) 
22633 
(718) 
28.9 
(0.7) 
0.232 
(0.005) 
0.357 
(0.005) 
25  8681 
(351) 
22538 
(542) 
29.2 
(0.7) 
0.235 
(0.005) 
0.359 
(0.005) 
30  8920 
(368) 
22782 
(645) 
28.7 
(0.6) 
0.231 
(0.005) 
0.359 
(0.004) 
35  8955 
(382) 
22987 
(642) 
28.7 
(0.7) 
0.231 
(0.005) 
0.357 
(0.005) 
40  9117 
(411) 
23268 
(720) 
28.5 
(0.7) 
0.229 
(0.005) 
0.359 
(0.005) 
41  9256 
(324) 
23217 
(594) 
28.1 
(0.6) 
0.227 
(0.004) 
0.357 
(0.005) 149 
Table C.7.3 

Vertical Force Data for Subject 7. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1765 
(29) 
1219 
(111) 
42319 
(5289) 
946 
(21) 
74 
(4) 
-0.076 
(0.002) 
10  1753 
(34) 
1246 
(119) 
42023 
(5584) 
940 
(16) 
72 
(3) 
-0.075 
(0.003) 
15  1746 
(35) 
1237 
(124) 
47050 
(6740) 
938 
(16) 
72 
(3) 
-0.077 
(0.003) 
20  1779 
(25) 
1275 
(89) 
48636 
(6873) 
953 
(17) 
75 
(3) 
-0.079 
(0.002) 
25  1775 
(30) 
1251 
(85) 
45229 
(6049) 
950 
(18) 
75 
(3) 
-0.079 
(0.002) 
30  1786 
(34) 
1258 
(100) 
46725 
(6326) 
960 
(19) 
77 
(3) 
-0.078 
(0.002) 
35  1782 
(29) 
1244 
(96) 
45833 
(6620) 
954 
(16) 
75 
(3) 
-0.078 
(0.002) 
40  1796 
(40) 
1249 
(108) 
46020 
(7291) 
964 
(17) 
77 
(3) 
-0.077 
(0.003) 
41  1796 
(31) 
1294 
(103) 
49691 
(6592) 
971 
(15) 
78 
(3) 
-0.077 
(0.002) 150 
Table C.7.4 

Summary of ANOVA results for vertical stiffness (kvert), Subject 7. 

Sum of 
Squares 
df  Mean 
Sguare 
F  Sig. 
Between  31067279  8  3883410  8.374  .000 
Within  1.63E+08  351  463753.3 
Total  1.94E+08  359 
Table C.7.5 

Summary of ANOVA results for vertical stiffness (kvert) for subject 7. 

2  3  4  5  6  7  8  9 
1  - - <.01  <.001  - - - -
2  <.01  <.001  <.001  .001  - - -
3  - - - - - -
4  - - - .001  <.01 
5  - - <.001  <.001 
6  - - -
7  - -
8  -Table e.8.1 

Kinematics and EMG Data for Subject 8. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
lEMG 
VL 
lEMG 
BF 
lEMG 
G 
lEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
BF 
ON 
(%) 
BF 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  25,834 
(858) 
34.4 
(2.3) 
55.1 
(1.6) 
50.5 
(1.1) 
31 
(4) 
31 
(2) 
7 
(1) 
24 
(4) 
18 
(2) 
82 
(2.8) 
20 
(3.0) 
86 
(1.2) 
20 
(3.1) 
89 
(6.8) 
23 
(0.6) 
94 
(0.2) 
26 
(0.8) 
43 
(2.8) 
23 
(2.7) 
10  25,374 
(804) 
36.0 
(2.4) 
54.5 
(1.1) 
50.1 
(0.9) 
30 
(2) 
21 
(2) 
13 
(2) 
23 
(4) 
30 
(4) 
84 
(2.8) 
20 
(1.8) 
86 
(3.0) 
18 
(1.3) 
79 
(3.0) 
26 
(1.0) 
91 
(5.9) 
26 
(6.1) 
39 
(1.1) 
25 
(1.5) 
15  25,104 
(1,132) 
35.1 
(2.5) 
55.2 
(1.3) 
50.4 
(1.5) 
31 
(3) 
21 
(2) 
7 
(1) 
24 
(2) 
15 
(1) 
82 
(2.6) 
19 
(1.0) 
91 
(2.8) 
17 
(0.4) 
76 
(0.7) 
25 
(1.3) 
92 
(2.1) 
28 
(2.1) 
47 
(3.4) 
24 
(5.3) 
20  24,276 
(869) 
35.9 
(2.5) 
55.8 
(0.9) 
51.5 
(1.1) 
24 
(1) 
23 
(2) 
25 
(3) 
22 
(1) 
16 
-<1) 
82 
(1.1) 
17 
(0.8) 
84 
(0.1) 
17 
(1.8) 
77 
(1.2) 
26 
(1.4) 
87 
(0.3) 
27 
(1.7) 
47 
(1.4) 
25 
(0.6) 
25  25,167 
(799) 
35.9 
(2.5) 
54.7 
(1.4) 
50.6 
(1.0) 
27 
(2) 
27 
(3) 
41 
(8) 
23 
(2) 
18 
(0) 
87 
(2.4) 
20 
(3.2) 
86 
(0.4) 
17 
(1.0) 
74 
(0.6) 
21 
(1.9) 
96 
(0.4) 
26 
(0.6) 
46 
(2.7) 
25 
(2.0) 
30  24,280 
(565) 
37.1 
(2.0) 
55.5 
(1.7) 
51.4 
(1.2) 
24 
(3) 
25 
(2) 
43 
(4) 
21 
(2) 
16 
(1) 
84 
(0.9) 
20 
(5.4) 
86 
(5.2) 
14 
(5.5) 
78 
(0.7) 
25 
(3.0) 
92 
(3.7) 
29 
(0.9) 
46 
(5.2) 
25 
(0.3) 
35  24,444 
(959) 
36.5 
(2.3) 
55.9 
(1.6) 
52.5 
(0.6) 
24 
(4) 
30 
(3) 
47 
(6) 
22 
(2) 
16 
(0) 
86 
(3.6) 
18 
(3.7) 
86 
(1.7) 
22 
(2.2) 
78 
(0.4) 
26 
(0.6) 
89 
(1.5) 
28 
(2.3) 
50 
(1.6) 
26 
(2.1) 
40  23,856 
(1,021) 
37.1 
(1.7) 
56.9 
(1.1) 
53.0 
(1.2) 
23 
(3) 
31 
(3) 
50 
(3) 
20 
(2) 
31 
(15) 
84 
(1.1) 
15 
(1.4) 
92 
(1.2) 
19 
(4.1) 
77 
(4.3) 
29 
(0.7) 
94 
(3.3) 
28 
(0.5) 
52 
(1.3) 
30 
(0.4) 
45  24,023 
(1,098) 
37.1 
(1.8) 
56.5 
(2.7) 
52.5 
(0.9) 
29 
(2) 
28 
(2) 
51 
(2) 
26 
(0) 
23 
(3) 
86 
(2.3) 
21 
(1.6) 
88 
(3.7) 
20 
(2.5) 
77 
(0.1) 
30 
(0.7) 
93 
(6.4) 
27 
(1.3) 
48 
(2.4) 
26 
(1.1) 
..... 
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Table C.8.2 
Stiffness Data for Subject 8. 
Time 
(min) 
K1eg 
(N/m) 
Kvert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  9521 
(438) 
25833 
(857) 
29.9 
(0.8) 
0.232 
(0.006) 
0.356 
(0.006) 
10  9292 
(379) 
25374 
(803) 
30.2 
(0.7) 
0.235 
(0.005) 
0.358 
(0.006) 
15  8941 
(376) 
25103 
(1131) 
30.8 
(0.5) 
0.238 
(0.004) 
0.361 
(0.006) 
20  8745 
(494) 
24276 
(868) 
31.0 
(0.8) 
0.240 
(0.005) 
0.370 
(0.006) 
25  9055 
(268) 
25167 
(799) 
30.4 
(0.4) 
0.235 
(0.003) 
0.362 
(0.007) 
30  8900 
(269) 
24279 
(564) 
30.8 
(0.6) 
0.239 
(0.004) 
0.369 
(0.004) 
35  9058 
(325) 
24444 
(958) 
30.4 
(0.5) 
0.236 
(0.004) 
0.369 
(0.009) 
40  8998 
(532) 
23855 
(1021) 
30.6 
(0.9) 
0.237 
(0.006) 
0.373 
(0.005) 
45  8923 
(555) 
24022 
(1097) 
30.5 
(0.8) 
0.237 
(0.006) 
0.370 
(0.007) 153 
Table C.8.3 

Vertical Force Data for Subject 8. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1980 
(49) 
1769 
(192) 
52458 
(5205) 
1108 
(19) 
89 
(3) 
-0.077 
(0.004) 
10  1973 
(55) 
1941 
(196) 
59894 
(7535) 
1102 
(20) 
88 
(4) 
-0.078 
(0.004) 
15  1933 
(45) 
1945 
(216) 
53051 
(6915) 
1099 
(20) 
89 
(4) 
-0.077 
(0.003) 
20  1932 
(52) 
1907 
(158) 
55664 
(9829) 
1101 
(28) 
90 
(5) 
-0.080 
(0.002) 
25  1919 
(37) 
1903 
(186) 
58358 
(8871) 
1106 
(15) 
90 
(3) 
-0.076 
(0.003) 
30  1960 
(15) 
1892 
(212) 
61006 
(9510) 
1116 
(15) 
93 
(3) 
-0.081 
(0.002) 
35  1963 
(24) 
1810 
(157) 
62613 
(11017) 
1124 
(16) 
94 
(3) 
-0.080 
(0.003) 
40  1980 
(50) 
1947 
(203) 
64915 
(10974) 
1130 
(31) 
96 
(6) 
-0.083 
(0.002) 
45  1946 
(56) 
1989 
(138) 
66601 
(10882) 
1118 
(27) 
93 
(5) 
-0.081 
(0.003) 154 
Table C.8.4 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 8. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  43448574  8  5431072  6.568  .000 
Within  76900629  93  826888.5 
Total  1.20E+08  101 
Table e.8.5 

Summary of ANOVA results for vertical stiffness (kvert)  for subject 8. 

2  3  4  5  6  7  8  9 
1  - - <.01  - <.01  - <.001  <.001 
2  - - - - - <.01  .01 
3  - - - - - -
4  - - - - -
5  - - - -
6  - - -
7  - -
8  -Table C.9.1 

Stiffness Data for Subject 9. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
BF 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
BF 
ON 
(%) 
BF 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  26,008 
(796) 
41.1 
(1.0) 
57.6 
(0.8) 
45.8 
(0.6) 
33 
(2) 
27 
(3) 
22 
(11) 
32 
(1) 
20 
(2) 
91 
(1.1) 
11 
(2.8) 
87 
(2.1) 
13 
(2.3) 
92 
(1.3) 
19 
(0.9) 
95 
(0.6) 
19 
(2.3) 
41 
(1.2) 
19 
(2.3) 
10  26,197 
(1,196) 
42.7 
(2.5) 
56.8 
(3.7) 
47.7 
(1.1) 
35 
(6) 
33 
(4) 
19 
(11) 
46 
(15) 
17 
(1) 
83 
(0.1) 
19 
(2.5) 
86 
(0.6) 
14 
(1.5) 
88 
(7.3) 
20 
(2.6) 
93 
(0.8) 
21 
(1.1) 
48 
(0.8) 
20 
(1.5) 
15  26,039 
(804) 
43.0 
(2.3) 
58.6 
(1.3) 
47.6 
(1.21 
42 
(9) 
28 
(3) 
42 
(8) 
43 
(12) 
22 
(1) 
84 
(9.1) 
15 
(1.6) 
85 
(2.1) 
16 
(0.8) . 
89 
(9.2) 
20 
(1.2) 
97 
(0.9) 
21 
(1.1) 
49 
(1.6) 
19 
(0.4) 
20  26,218 
(1,010) 
40.5 
(1.7) 
55.9 
(2.3) 
47.7 
(1.9) 
32 
(7) 
34 
(4) 
30 
(to) 
31 
(3) 
13 
(1) 
88 
(3.4) 
17 
(2.0) 
92 
(0.5) 
15 
(2.1) 
83 
(8.7) 
19 
(1.0) 
93 
(3.7) 
23 
(0.4) 
48 
(3.5) 
22 
(1.6) 
25  26,434 
(1,050) 
38.8 
(1.4) 
56.4 
(1.1) 
47.1 
(1.4) 
36 
(6) 
31 
(3) 
33 
(5) 
11 
(1) 
87 
(0.1) 
11 
(0.1) 
84 
(1.5) 
11 
(1.3) 
81 
(3.1) 
22 
(1.3) 
58 
(16.1) 
13 
(3.3) 
30  26,498 
(905) 
40.0 
(1.6) 
56.3 
(1.0) 
47.9 
(1.2) 
33 
(3) 
34 
(3) 
31 
(4) 
12 
(1) 
92 
(0.9) 
13 
(0.1) 
92 
(0.2) 
14 
(0.4) 
88 
(6.6) 
20 
(1.4) 
50 
(3.2) 
20 
(2.8) 
35  26,263 
(831) 
37.8 
(3.2) 
55.4 
(0.6) 
46.0 
(2.0) 
37 
(5) 
31 
(3) 
48 
(3) 
12 
(1) 
94 
(1.6) 
15 
(0.7) 
89 
(2.8) 
14 
(4.2) 
85 
(7.1) 
20 
(1.5) 
50 
(0.2) 
18 
(0.3) 
46  26,277 
(943) 
38.4 
(1.4) 
55.7 
(1.2) 
49.6 
(1.3) 
46 
(9) 
32 
(4) 
50 
(4) 
13 
(1) 
90 
(0.7) 
18 
(1.6) 
93 
(1.2) 
15 
(1.1) 
85 
(7.0) 
20 
(1.5) 
48 
(1.5) 
26 
(2.5) 156 
Table C.9.2 
Stiffness Data for Subject 9. 
Time 
(min) 
K1eg 
(N/m) 
Kvert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  10828 
(303) 
26007 
(795) 
29.5 
(0.4) 
0.202 
(0.002) 
0.379 
(0.009) 
10  10670 
(464) 
26197 
(1195) 
29.7 
(0.6) 
0.203 
(0.004) 
0.377 
(0.010) 
15  10595 
(400) 
26039 
(803) 
29.6 
(0.5) 
0.202 
(0.003) 
0.375 
(0.007) 
20  10899 
(450) 
26218 
(1010) 
29.4 
(0.5) 
0.201 
(0.003) 
0.379 
(0.008) 
25  10863 
(435) 
26434 
(1049) 
29.4 
(0.5) 
0.201 
(0.003) 
0.374 
(0.008) 
30  10785 
(335) 
26497 
(905) 
29.2 
(0.5) 
0.200 
(0.003) 
0.371 
(0.009) 
35  10763 
(350) 
26263 
(831) 
29.2 
(0.4) 
0.200 
(0.003) 
0.373 
(0.006) 
40  10796 
(386) 
26463 
(1009) 
29.1 
(0.5) 
0.199 
(0.003) 
0.369 
(0.008) 
45  10832 
(316) 
25739 
(658) 
29.2 
(0.4) 
0.200 
(0.002) 
0.381 
(0.006) 
46  10260 
(336) 
26277 
(942) 
29.6 
(0.5) 
0.203 
(0.003) 
0.363 
(0.012) 157 
Table C.9.3 

Vertical Force Data for Subject 9. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  2278 
(55) 
1669 
(126) 
50069 
(8696) 
1231 
(25) 
116 
(5) 
-0.088 
(0.004) 
10  2236 
(46) 
1661 
(125) 
49675 
(7848) 
1209 
(21) 
112 
(4) 
-0.086 
(0.004) 
15  2212 
(64) 
1674 
(100) 
52464 
(7320) 
1206 
(23) 
111 
(4) 
-0.085 
(0.003) 
20  2276 
(60) 
1691 
(151) 
53223 
(9980) 
1229 
(25) 
115 
(4) 
-0.087 
(0.003) 
25  2249 
(45) 
1665 
(111) 
50136 
(6990) 
1207 
(24) 
111 
(5) 
-0.085 
(0.003) 
30  2201 
(42) 
1618 
(103) 
54142 
(8584) 
1177 
(24) 
104 
(5) 
-0.083 
(0.003) 
35  2199 
(45) 
1648 
(104) 
58391 
(8470) 
1184 
(22) 
105 
(4) 
-0.084 
(0.003) 
40  2179 
(52) 
1642 
(103) 
59435 
(12105) 
1177 
(22) 
104 
(5) 
-0.082 
(0.004) 
45  2254 
(43) 
1677 
(95) 
55316 
(9674) 
1210 
(25) 
111 
(5) 
-0.088 
(0.002) 
46  2092 
(78) 
1682 
(97) 
58090 
(10530) 
1137 
(40) 
97 
(8) 
-0.080 
(0.005) 158 
Table C.9.4 

Summary of AN  OVA results for vertical stiffness (kvert), Subject 9. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  19258335  9  2139815  2.444  .010 
Within  3.25E+08  371  875416.6 
Total  3.44E+08  380 
Table C.9.5 

Summary of ANOVA results for vertical stiffness (kvert)  for subject 9. 

1 
2  3  4  5  6  7  8  9  10 
2 
3 
4 
5 
6  .01 
7 
8 
9 Table C.1 0.1 

Kinematics and EMG Data for Subject 10. 

Step  K vert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
BF 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
BF 
ON 
(%) 
BF 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  24,319 
(8791 
35.8 
(3.0) 
48.5 
(1.4) 
47.1 
(1.2) 
22 
(2) 
33 
(3) 
34 
(9) 
22 
(2) 
22 
(2) 
89 
(4.5) 
18 
(1.2) 
89 
(6.4) 
19 
(1.7) 
86 
(6.1) 
25 
(2.5) 
93 
(2.2) 
26 
(2.2) 
35 
(0.4) 
26 
(0.5) 
10  24,360 
(787) 
31.9 
(1.8) 
48.6 
(1.9) 
48.3 
(0.5) 
21 
(3) 
29 
(3) 
37 
(1) 
21 
(1) 
22 
(2) 
88 
(0.5) 
20 
(1.5) 
91 
(5.9) 
19 
(2.1) 
94 
(3.4) 
26 
(1.2) 
91 
(2.4) 
28 
(0.9) 
36 
(0.3) 
26 
(0.3) 
15  24,391 
(635) 
31.6 
(1.7) 
47.1 
(l.7) 
49.5 
(1.2) 
18 
(4) 
32 
(8) 
42 
J2) 
22 
(2) 
21 
(1) 
91 
(5.1) 
19 
(3.0) 
93 
(6.6) 
18 
(0.1) 
75 
(3.6) 
26 
(5.41 
90 
(0.3) 
28 
(0.6) 
35 
(1.2) 
26 
(0.2) 
20  24,176 
(817) 
32.7 
(2.6) 
49.3 
(l.0) 
49.8 
(l.5) 
22 
(1 ) 
36 
(7) 
43 
(4) 
22 
(2) 
20 
(2) 
90 
(0.7) 
17 
(2.1) 
93 
(0.1) 
19 
(l.2) 
75 
(l.7) 
26 
(0.4) 
93 
(0.6) 
28 
(0.8) 
36 
(0.2) 
27 
(l.3) 
25  24,231 
(1,014) 
33.6 
(3.8) 
48.0 
(l.5) 
49.4 
(0.9) 
21 
(3) 
29 
(3) 
43 
(4) 
21 
(2) 
22 
(1) 
96 
(0.9) 
17 
(0.6) 
97 
(0.9) 
18 
(l.8) 
74 
(2.1) 
24 
(1.6) 
92 
(0.6) 
27 
(0.2) 
35 
(Ll) 
25 
(2.4) 
30  24,404 
(592) 
30.7 
(2.5) 
50.6 
(l.0) 
48.3 
(l.0) 
25 
(3) 
32 
(4) 
45 
(2) 
21 
(1) 
22 
(1) 
85 
(l.3) 
18 
(1.2) 
92 
(l.8) 
18 
(l.8) 
75 
(2.1) 
25 
(3.0) 
92 
(Ll) 
28 
(0.7) 
37 
(1.4) 
25 
(1.6) 
35  24,361 
(521) 
30.7 
(l.7) 
48.8 
(l.7) 
48.2 
(l.5) 
29 
(2) 
33 
(5) 
46 
14) 
21 
(2) 
19 
(1) 
85 
(2.7) 
19 
(0.3) 
96 
(0.7) 
20 
(0.6) 
74 
(0.1) 
28 
.(0.8) 
94 
(2.8) 
29 
(0.2) 
39 
(2.5) 
26 
(Ll) 
40  24,842 
(805) 
29.3 
(2.0) 
46.8 
(0.7) 
46.7 
(0.5) 
20 
(1) 
28 
(3) 
46 
(3) 
19 
(1) 
20 
(1) 
92 
(2.8) 
19 
(1.4) 
96 
(1.7) 
19 
(2.3) 
73 
(Ll) 
26 
(2.0) 
93 
(2.1) 
29 
(0.0) 
37 
(0.3) 
26 
(1.7) 
45  23,987 
(949) 
29.3 
(2.0) 
48.3 
(2.1) 
47.2 
(l.2) 
24 
(3) 
30 
(3) 
42 
(3) 
20 
(1) 
20 
(1) 
88 
(4.4) 
17 
(2.5) 
92 
(4.1) 
17 
(0.6) 
73 
(0.3) 
26 
(l.3) 
92 
(0.1) 
27 
(Ll) 
37 
(0.6) 
27 
(Ll) 
50  24,507 
(724) 
30.6 
(2.0) 
47.6 
(l.3) 
48.0 
(2.8) 
30 
(9) 
39 
(7) 
48 
(6) 
20 
(2) 
20 
(3) 
89 
(0.4) 
17 
(0.7) 
92 
(l.3) 
20 
(2.3) 
73 
(0.3) 
23 
(0.8) 
92 
(0.8) 
27 
(l.3) 
36 
(l.0) 
24 
(Ll) 
55  24,698 
(660) 
29.2 
(2.5) 
47.0 
(2.5) 
48.2 
(2.3) 
47 
(1) 
34 
(5) 
38 
(15) 
21 
(1) 
20 
(2) 
93 
(1.9) 
19 
(0.4) 
93 
(1.4) 
19 
(0.6) 
73 
(0.4) 
25 
(l.6) 
90 
(3.7) 
27 
(l.0) 
39 
(0.4) 
21 
(7.4) 
60  25,679 
(1,019) 
28.5 
(4.9) 
46.0 
(3.2) 
45.7 
(l.8) 
32 
(2) 
42 
(4) 
21 
(1) 
20 
(1) 
84 
(l.8) 
18 
(0.2) 
88 
(3.3) 
19 
(l.6) 
74 
(0.9) 
25 
(l.6) 
36 
(2.4) 
26 
(l.3) 
67  25,665 
(1,193) 
26.8 
(2.5) 
47.6 
(1.0) 
46.7 
(2.5) 
27 
(4) 
32 
(2) 
20 
(2) 
21 
(1) 
89 
(5.3) 
19 
(3.7) 
94 
(4.7) 
17 
(2.0) 
72 
(2.0) 
27 
(0.2) 
40 
(0.9) 
28 
(3.9) 160 
Table C.1 0.2 
Stiffness Data for Subject 10. 
Time 
(min) 
Kleg 
(N/m) 
Kvert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  9393 
(406) 
24319 
(879) 
29.6 
(0.6) 
0.251 
(0.004) 
0.363 
(0.007) 
10  9246 
(428) 
24360 
(787) 
29.9 
(0.6) 
0.254 
(0.005) 
0.362 
(0.006) 
15  9312 
(307) 
24391 
(635) 
29.8 
(0.5) 
0.253 
(0.004) 
0.361 
(0.007) 
20  9152 
(458) 
24176 
(817) 
30.0 
(0.5) 
0.255 
(0.004) 
0.362 
(0.007) 
25  9296 
(424) 
24231 
(1014) 
29.7 
(0.6) 
0.253 
(0.005) 
0.364 
(0.008) 
30  9385 
(286) 
24404 
(592) 
29.6 
(0.6) 
0.252 
(0.005) 
0.361 
(0.005) 
35  9029 
(298) 
24361 
(521) 
30.2 
(0.5) 
0.256 
(0.004) 
0.359 
(0.005) 
40  9450 
(344) 
24842 
(805) 
29.4 
(0.5) 
0.250 
(0.004) 
0.358 
(0.006) 
45  9245 
(467) 
23987 
(949) 
29.5 
(0.6) 
0.251 
(0.005) 
0.362 
(0.008) 
50  9297 
(369) 
24507 
(724) 
29.6 
(0.6) 
0.252 
(0.005) 
0.360 
(0.007) 
55  9521 
(328) 
24698 
(660) 
29.2 
(0.6) 
0.248 
(0.005) 
0.361 
(0.006) 
60  10091 
(384) 
25679 
(1019) 
28.2 
(0.4) 
0.241 
(0.003) 
0.355 
(0.010) 
65  9178 
(346) 
24270 
(672) 
29.3 
(0.6) 
0.250 
(0.005) 
0.361 
(0.007) 
70  10042 
(405) 
25665 
(1193) 
28.3 
(0.3) 
0.242 
(0.003) 
0.356 
(0.011) 161 
Table C.l0.3 

Vertical Force Data for Subject 10. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1969 
(75) 
1447 
(92) 
46040.89 
(9277.05) 
1064.70 
(22.71) 
79 
(5) 
-0.081 
(0·003) 
10  1955 
(77) 
1454 
(97) 
41112 
(6593) 
1058 
(30) 
78 
(7) 
-0.080 
(0.003) 
15  1967 
(64) 
1444 
(139) 
39813 
(7343) 
1063 
(24) 
79 
(6) 
-0.081 
(0.002) 
20  1953 
(86) 
1435 
(114) 
42404 
(6531) 
1052 
(27) 
77 
(6) 
-0.081 
(0.002) 
25  1963 
(49) 
1464 
(125) 
39636 
(7444) 
1067 
(21.28) 
80 
(5) 
-0.081 
(0.003) 
30  1964 
(65) 
1397 
(116) 
40169 
(6257) 
1061 
(17) 
78 
(5) 
-0.081 
(0.003) 
35  1921 
(62) 
1355 
(129) 
42034 
(4957) 
1035 
(20) 
73 
(5) 
-0.079 
(0.002) 
40  1945 
(71) 
1409 
(89) 
41045 
(5189) 
1055 
(23) 
76 
(5) 
-0.078 
(0.002) 
45  1934 
(65) 
1473 
(123) 
42013 
(7186) 
1067 
(25) 
80 
(5) 
-0.081 
(0.002) 
50  1932 
(78) 
1411 
(156) 
41288 
(7102) 
1051 
(18) 
75.79 
(4) 
-0.079 
(0.002) 
55  1942 
(57) 
1439 
(133) 
44022 
(5991) 
1053 
(15) 
75 
(4) 
-0.079 
(0.002) 
60  1951 
(44) 
1570 
(154) 
41502 
(6109) 
1066 
(24) 
76 
(5) 
-0.076 
(0.002) 
65  1872 
(51) 
1472 
(156) 
44968 
(5671) 
1041 
(23) 
73 
(5) 
-0.077 
(0.002) 
70  1949 
(64) 
1530 
(123) 
41878 
(6165) 
1060 
(25) 
75 
(6) 
-0.076 
(0.003) 162 
Table C.l0.4 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 10. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  42598029  13  3276771  4.798  .000 
Within  1.0IE+08  148  682983.7 
Total  1.44E+08  161 
Table C.l0.5 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 10. 

2  3  4  5  6  7  8  9  10  11  12  13  14 
1  - - - - - - - - - - <.01  - .001 
2  - - - - - - - - - - - <.01 
3  - - - - - - - - - - <.01 
~.  - - - - - - - .001  - <.001 
~  - - - - - - <.01  - <.001 
~  - - - - - - - <.01 
~  - - - - .01  - <.01 
8  - - - - - -
~  - - <.001  - <.001 
10  - - - -
11  - - -
12  <.01  -
13  .001 Table C.Il.I 

Kinematics and EMG Data for Subject 11. 

Step  K vert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  21,898 
(1,032) 
31.8 
(1.5) 
55.1 
(0.9) 
52.3 
(0.9) 
43 
(4) 
28 
(2) 
21 
(1) 
19 
(1) 
81 
(0.9) 
15 
(4.1) 
82 
(3.0) 
14 
(0.2) 
79 
(0.9) 
23 
(5.2)_ 
53 
(1.8) 
24 
(1.8) 
10  22,379 
(859l 
30.9 
(0.5) 
52.7 
(0.5) 
51.2 
J1.7) 
40 
(6) 
34 
(13) 
20 
(3) 
16 
(1) 
84 
(0.1) 
17 
(2.6) 
88 
(3.7) 
14 
(0.5) 
80 
(0.7) 
24 
(4.2) 
49 
(0.1) 
25 
{l.I) 
15  21,642 
(611) 
35.2 
(1.0) 
53.9 
(1.0) 
52.1 
(1.3) 
38 
(7) 
28 
(2) 
21 
(2) 
19 
(1) 
90 
(0.5) 
16 
(2.4) 
90 
(1.4) 
15 
(2.1) 
78 
(Ll) 
20 
(6.4) 
48 
(1.6) 
23 
(3.5) 
20  21,678 
(902) 
33.3 
(1.4) 
54.5 
(1.8) 
53.9 
(1.2) 
31 
(5) 
27 
(3) 
21 
(2) 
15 
(1) 
89 
(8.0) 
22 
(6.~ 
88 
(4.9) 
16 
(2.5) 
79 
(Ll) 
21 
(8.8) 
51 
(0.4) 
25 
(Ll) 
25  21,441 
(915) 
36.0 
(1.3) 
55.2 
(0.8) 
54.8 
(1.4) 
31 
(8) 
47 
(8) 
23 
(2) 
20 
(2) 
86 
,(10.0) 
20 
(9.2) 
84 
(3.3) 
20 
(Ll) 
80 
(0.6) 
27 
(0.6) 
49 
(0.6) 
25 
(1.8) 
30  21,254 
(873) 
34.6 
(1.7) 
54.6 
(0.7) 
55.3 
(2.0) 
36 
(2) 
41 
(9) 
22 
(2) 
19 
(2) 
93 
(1.4) 
23 
(0.5) 
90 
(Ll) 
21 
(3.2) 
80 
(0.4) 
25 
(3.4) 
45 
(7.7) 
24 
(1.3) 
35  21,088 
(1,045) 
34.8 
(1.6) 
54.7 
(1.2) 
55.0 
(1.4) 
47 
(2) 
50 
(4) 
22 
(2) 
26 
(4) 
92 
(3.7) 
16 
(Ll) 
91 
(3.4) 
17 
(1.1) 
79 
(0.6) 
22 
(0.1) 
51 
(0.1) 
24 
(2.5) 
40  20,910 
(1,058) 
35.4 
(1.6) 
53.9 
(0.6). 
54.7 
(2.0) 
55 
(6) 
44 
(7) 
25 
(4) 
27 
(5) 
87 
(2.8) 
18 
(3.2) 
89 
(2.5) 
17 
(1.6) 
79 
(0.9) 
23 
(5.0) 
43 
(7.1) 
22 
(0.6) 
45  21,448 
(854) 
34.0 
(1.4) 
54.6 
(0.7) 
54.0 
(1.4) 
73 
(5) 
36 
(5) 
23 
(2) 
18 
(2) 
88 
(2.9) 
16 
(0.4) 
86 
(2.5) 
18 
(3.4) 
79 
(0.8) 
23 
(4.7) 
47 
(2.8) 
23 
(1.1) 
50  20,987 
(667) 
34.4 
(1.5) 
54.2 
(1.0) 
54.6 
(1.8) 
50 
(3) 
24 
(7) 
22 
(2) 
14 
(2) 
80 
(0.2) 
16 
(Ll) 
95 
(1.3) 
16 
(0.2) 
79 
(0.7) 
23 
(3.8) 
51 
(0.6) 
25 
(3.6) 
55  21,251 
(756) 
33.3 
(1.0) 
52.9 
(1.6) 
53.9 
(2.1) 
71 
(8) 
28 
(5) 
22 
(2) 
17 
(2) 
87 
(0.4) 
18 
(4.2) 
96 
(0.8) 
15 
(1.6) 
83 
(2.1) 
26 
(0.0) 
50 
(2.0) 
24 
(2.4) 164 
Table C.ll.2 
Stiffness Data for Subject 11. 
Time 
(min) 
K1eg 
(N/m) 
Kvert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  9356 
(443) 
21898 
(1032) 
30.8 
(0.7) 
0.262 
(0.005) 
0.397 
(0.008) 
10  9342 
(405) 
22379 
(859) 
30.6 
(0.6) 
0.260 
(0.005) 
0.393 
(0.007) 
15  9376 
(379) 
21642 
(611) 
30.7 
(0.5) 
0.261 
(0.004) 
0.408 
(0.007) 
20  9302 
(470) 
21678 
(902) 
30.7 
(0.8) 
0.261 
(0.006) 
0.404 
(0.008) 
25  9252 
(530) 
21441 
(915) 
30.7 
(0.8) 
0.262 
(0.006) 
0.406 
(0.008) 
30  9257 
(426) 
21254 
(873) 
30.8 
(0.5) 
0.262 
(0.004) 
0.408 
(0.009) 
35  9124 
(497) 
21088 
(1045) 
30.9 
(0.7) 
0.263 
(0.005) 
0.409 
(0.007) 
40  8946 
(498) 
20910 
(1058) 
31.2 
(0.7) 
0.265 
(0.005) 
0.408 
(0.009) 
45  9343 
(429) 
21448 
(854.34) 
30.7 
(0.6) 
0.261 
(0.005) 
0.410 
(0.007) 
50  9117 
(424) 
20987 
(667) 
30.9 
(0.6) 
0.263 
(0.005) 
0.411 
(0.007) 
55  9130 
(359) 
21251 
(756) 
30.7 
(0.5) 
0.261 
(0.004) 
0.408 
(0.007) 165 
Table C.ll.3 

Vertical Force Data for Subject 11. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  2279 
(63) 
2187 
(136) 
55302 
(8293) 
1326 
(45) 
142 
(11) 
-0.104 
(0.005) 
10  2205 
(62) 
2177 
(134) 
56351 
(10386) 
1289 
(45) 
132 
(11) 
-0.099 
(0.005) 
15  2286 
(77) 
2232 
(109) 
58882 
(9781) 
1344 
(43) 
146 
(10) 
-0.106 
(0.003) 
20  2253 
(55) 
2295 
(134) 
62910 
(10644) 
1332 
(35) 
143 
(7) 
-0.104 
(0.004) 
25  2260 
(80) 
2358 
(148) 
58913 
(12705) 
1333 
(47) 
144 
(10) 
-0.105 
(0.004) 
30  2283 
(68) 
2359 
(147) 
59727 
(10430) 
1352 
(50) 
149 
(12) 
-0.108 
(0.004) 
35  2252 
(80) 
2394 
(134) 
60818 
(11006) 
1336 
(48) 
145 
(11) 
-0.107 
(0.005) 
40  2239 
(77) 
2320 
(121) 
57136 
(8496) 
1319 
(53) 
142 
(12) 
-0.107 
(0.005) 
45  2288 
(67) 
2519 
(105) 
55022 
(11718) 
1355 
(40) 
149 
(9) 
-0.107 
(0.004) 
50  2260 
(81) 
2413 
(169) 
64725 
(16740) 
1337 
(41) 
146 
(10) 
-0.108 
(0.004) 
55  2218 
(80) 
2378 
(124) 
66767 
(19505) 
1315 
(48) 
139.06 
(12.09) 
-0.105 
(0.005) 166 
Table C.11.4 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 11. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  65850953  10  6585095  8.457  .000 
Within  2.9IE+08  374  778635.6 
Total  3.57E+08  384 
Table C.11.5 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 11. 

2  3  4  5  6  7  8  9  10  11 
I  - - - - - .005  <.001  - .001  -
2  - - <.001  <.001  <.001  <.001  <.001  <.001  <.001 
3  - - - - - - - -
4  - - - - - - -
5  - - - - - -
6  - - - - -
7  - - - -
8  - - -
9  - -
10  -Table C.12.1 

Kinematics and EMG Data for Subject 12. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
BF 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
BF 
ON 
(%) 
BF 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  21,741 
(990) 
30.1 
(3.4) 
58.1 
(2.5) 
50.9 
(4.1) 
20 
(4) 
9 
(2) 
17 
(3) 
23 
(3) 
18 
(1) 
91 
(2.0) 
15 
(3.6) 
98 
(2.8) 
15 
(0.9) 
73 
(1.0) 
16 
(1.1) 
84 
(3.0) 
23 
(0.6) 
30 
(1.5) 
25 
(1.5) 
10  21,536 
(675) 
29.4 
(2.3) 
59.8 
(4.2) 
52.2 
(2.8) 
22 
(2) 
11 
(1) 
25 
(3) 
24 
(3) 
25 
(1) 
98 
(3.4) 
16 
(0.4) 
96 
(4.1) 
18 
(0.7) 
72 
(3.5) 
22 
(0.2) 
93 
(6.1) 
23 
(1.1) 
34 
(1.1) 
23 
(3.0) 
15  21,196 
(757) 
30.6 
(3.1) 
62.3 
(2.5) 
54.2 
(1.4) 
22 
(3) 
9 
(2) 
17 
(1) 
23 
(2) 
25 
(1) 
95 
(1.3) 
19 
(0.0) 
98 
(1.1) 
18 
(0.1) 
76 
(3.8) 
22 
(1.1) 
88 
(4.7) 
24 
(0.7) 
34 
(0.8) 
22 
(1.5) 
20  21,029 
(596) 
27.9 
(2.6) 
59.9 
(3.1) 
53.1 
(3.2) 
15 
(1) 
24 
(2) 
29 
(1) 
76 
(0.4) 
22 
(1.1) 
81 
(6.3) 
22 
(1.7) 
33 
(0.3) 
22 
(0.9) 
25  20,786 
(767) 
29.6 
(2.8) 
61.4 
(2.6) 
54.4 
(3.9) 
18 
(3) 
25 
(3) 
29 
(1) 
74 
(0.0) 
24 
(0.6) 
90 
(1.4) 
23 
(0.4) 
33 
(0.4) 
24 
(1.4) 
30  20,571 
(687) 
29.9 
(2.5) 
59.6 
(2.2) 
51.1 
(3.0) 
18 
(3) 
23 
(2) 
30 
(1) 
75 
(1.1) 
21 
(1.8) 
95 
(Ll) 
23 
(0.5) 
33 
(1.5) 
23 
(1.8) 
36  20,582 
(628) 
29.6 
(1.8) 
60.9 
(2.6) 
53.4 
(2.1) 
18 
(2) 
24 
(2) 
32 
(1) 
73 
(2.8) 
20 
(2.6) 
95 
(2.1) 
22 
(Ll) 
30 
(3.6) 
24 
(0.4) 168 
Table C.12.2 
Stiffness Data for Subject 12. 
Time 
(min) 
Kleg 
(N/m) 
Kvert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  7666 
(483) 
21741 
(990) 
29.3 
(0.8) 
0.213 
(0.005) 
0.321 
(0.007) 
10  7578 
(442) 
21536 
(675) 
29.6 
(0.7) 
0.215 
(0.005) 
0.323 
(0.006) 
15  7654 
(399) 
21196 
(757) 
29.5 
(0.6) 
0.215 
(0.004) 
0.325 
(0.006) 
20  7537 
(401) 
21029 
(596) 
29.8 
(0.6) 
0.216 
(0.004) 
0.329 
(0.006) 
25  7406 
(374) 
20786 
(767) 
30.0 
(0.6) 
0.218 
(0.004) 
0.327 
(0.004) 
30  7451 
(398) 
20571 
(687) 
29.8 
(0.6) 
0.217 
(0.004) 
0.330 
(0.006) 
35  7414 
(333) 
20595 
(664) 
29.8 
(0.5) 
0.217 
(0.004) 
0.329 
(0.006) 
36  7444 
(321) 
20582 
(628) 
29.8 
(0.5) 
0.217 
(0.003) 
0.330 
(0.006) 169 
Table C.12.3 

Vertical Force Data for Subject 12. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1344 
(60) 
924 
(69) 
32327 
(4601) 
729 
(19) 
53 
(4) 
-0.062 
(0.003) 
10  1352 
(57) 
895 
(67) 
30911 
(5262) 
728 
(24) 
53 
(4) 
-0.063 
(0.002) 
15  1384 
(58) 
931 
(78) 
33366 
(3561) 
733.01 
(18) 
54 
(3) 
-0.065 
(0.003) 
20  1379 
(64) 
882 
(61) 
31607 
(3917) 
731 
(22) 
54 
(4) 
-0.066 
(0.003) 
25  1367 
(55) 
893 
(71) 
32798 
(4341) 
725 
(16) 
53 
(3) 
-0.066 
(0.003) 
30  1377 
(68) 
939 
(112) 
31683 
(4227) 
735 
(23) 
55 
(4) 
-0.067 
(0.004) 
35  1363 
(66) 
962 
(77) 
31259 
(5294) 
736 
(20) 
55 
(4) 
-0.066 
(0.004) 
36  1377 
(58) 
942 
(93) 
32360 
(5577) 
734 
(19) 
55 
(4) 
-0.067 
(0.004) 170 
Table C.12A 

Summary of ANOVA results for vertical stiffness (kvert), Subject 12. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  57704796  7  8243542  15.515  .010 
Within  1.66E+08  312  531316.4 
Total  2.23E+08  319 
Table C.12.5 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 12. 

2  3  4  5  6  7  8 
1  - - <.001  <.001  <.001  <.001  <.001 
2  - - <.001  <.001  <.001  <.001 
3  - - <.01  <.01  <.01 
4  - - - -
5  - - -
6  - -
7  -Table C.13.l 

Kinematics and EMG Data for Subject 13. 

Step  Kvert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
BF 
IEMG 
G 
IEMG 
TA 
VM 
ON 
(%) 
VM 
OFF 
(%) 
VL 
ON 
(%) 
VL 
OFF 
(%) 
G 
ON 
(%) 
G 
OFF 
(%) 
BF 
ON 
(%) 
BF 
OFF 
(%) 
TA 
ON 
(%) 
TA 
OFF 
(%) 
5  29,881 
(875) 
30.1 
(2.3) 
57.8 
(2.1) 
48.7 
(0.5) 
46 
(12) 
27 
(8) 
20 
(3) 
29 
(4) 
36 
(2) 
83 
(3.0) 
12 
(3.3) 
92 
(0.6) 
14 
(0.3) 
72· 
(1.3) 
17 
(3.4) 
90 
(1.2) 
27 
(0.8) 
43 
(14.8) 
26 
,(13.1) 
10  26,862 
(751) 
34.3 
(2.4) 
60.9 
(1.2) 
50.1 
(1.2) 
56 
(2) 
24 
(3) 
22 
(5) 
32 
(3) 
35 
(2) 
84 
(2.4) 
12 
(0.1) 
91 
(2.2) 
15 
(0.6) 
73 
(1.0) 
15 
(2.4) 
89 
(1.0) 
24 
(Ll) 
29 
(4.2) 
18 
(0.6) 
20  28,713 
(826) 
32.5 
(1.5) 
61.4 
(0.8) 
50.4 
(1.8) 
44 
(2) 
25 
(2) 
22 
(2) 
31 
(4) 
35 
(1) 
89 
(2.6) 
11 
(0.4) 
94 
(1.0) 
15 
(0.4) 
72 
(1.2) 
24 
(2.3) 
93 
(4.3) 
25 
(0.1) 
29 
(3.0) 
19 
(0.4) 
30  26,177 
(1,1211 
31.6 
(2.6) 
61.2 
(1.5) 
50.0 
(1.6) 
60 
(3) 
29 
(2) 
24 
(3) 
34 
(4) 
39 
(3) 
93 
(2.1) 
16 
(0.2) 
93 
(1.8) 
16 
(0.6) 
74 
(1.3) 
23 
(0.4) 
92 
(4.6) 
25 
(0.2) 
31 
(2.0) 
18 
(2.5) 
40  27,916 
(661) 
29.1 
(2.0) 
60.4 
(1.5) 
50.1 
(0.5) 
41 
(2) 
22 
(1) 
18 
(2) 
23 
(3) 
35 
(1) 
86 
(0.7) 
15 
(1.6) 
89 
(2.5) 
16 
(0.8) 
74 
(0.0) 
20 
(1.3) 
92 
(2.8) 
26 
(Ll) 
28 
(0.6) 
19 
(0.8) 
50  27,710 
(796) 
29.4 
(1.8) 
61.2 
(2.0) 
50.7 
(1.2) 
36 
(4) 
23 
(3) 
21 
(2) 
25 
(3) 
34 
(1) 
91 
(3.2) 
14 
(5.1) 
90 
(6.3) 
17 
(1.4) 
74 
(1.6) 
19 
(4.9) 
98 
(1.3) 
26 
(0.4) 
28 
(0.8) 
21 
(1.3) 
60  27,774 
(789) 
30.2 
(2.5) 
60.4 
(1.8) 
51.5 
(2.3) 
27 
(4) 
22 
(3) 
23 
(1) 
25 
(3) 
37 
(2J 
88 
(Ll) 
15 
(2.~ 
88 
(0.9) 
14 
(0.9) 
73 
(0.1) 
13 
(5.2) 
90 
J.1.l) 
24 
(0.4) 
31 
(0.8) 
20 
(2.3) 
70  27,720 
(798) 
26.9 
(1.7) 
60.7 
(1.2) 
51.1 
(0.8) 
28 
(4) 
23 
(4) 
20 
(3) 
24 
(3) 
30 
(6) 
97 
(3.7) 
17 
(2.0) 
95 
(3.6) 
21 
(3.5) 
83 
(3.6) 
34 
(19.9) 
96 
(6.2) 
29 
(2.0) 
49 
(6.5) 
34 
(1.2) 
80  26,792 
(1,059) 
30.8 
(1.8) 
62.9 
(2.0) 
54.2 
(3.0) 
31 
(3) 
21 
(3) 
21 
(2) 
23 
(2) 
34 
(2) 
91 
(0.7) 
14 
(4.5) 
88 
(2.1) 
12 
(3.1) 
73 
(4.2) 
9 
(10.0) 
90 
(1.2) 
24 
(1.8) 
34 
(2.2) 
24 
(1.4) 
90  27,276 
(722) 
28.9 
(1.7) 
58.5 
(2.9) 
51.6 
(2.3) 
37 
(8) 
30 
(5) 
23 
(3) 
31 
(4) 
91 
(2.0) 
17 
(1.1) 
87 
(2.8) 
17 
(1.1) 
77 
(2.7) 
22 
(0.4) 
90 
(2.21 
24 
(2.8t 
- -.I -
172 
Table C.13.2 
Stiffness Data for Subject 13. 
Time 
(min) 
K1eg 
(N/m) 
Kvert 
(nlm) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  9914 
(505) 
29881 
(875) 
28.1 
(0.9) 
0.227 
(0.006) 
0.313 
(0.004) 
10  9174 
(385) 
26862 
(751) 
29.6 
(0.7) 
0.237 
(0.005) 
0.332 
(0.005) 
20  9652 
(305) 
28713 
(826) 
28.8 
(0.4) 
0.232 
(0.003) 
0.320 
(0.005) 
30  9223 
(353) 
26177 
(1121) 
29.5 
(0.6) 
0.237 
(0.004) 
0.337 
(0.007) 
40  9432 
(365) 
27916 
(661) 
29.1 
(0.6) 
0.234 
(0.004) 
0.324 
(0.003) 
50  9508 
(328) 
27710 
(796) 
28.9 
(0.5) 
0.233 
(0.004) 
0.325 
(0.005) 
60  9342 
(321) 
27774 
(789) 
29.3 
(0.4) 
0.235 
(0.003) 
0.325 
(0.005) 
70  9451 
(353) 
27720 
(798) 
29.0 
(0.5) 
0.233 
(0.003) 
0.326 
(0.005) 
80  9281 
(366) 
26792 
(1059) 
29.2 
(0.4) 
0.235 
(0.003) 
0.332 
(0.007) 
90  9316 
(320) 
27276 
(722) 
29.1 
(0.5) 
0.234 
(0.003) 
0.329 
(0.005) 173 
Table C.13.3 

Vertical Force Data for Subject 13. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1731 
(72) 
1285 
(72) 
57064 
(9595) 
949 
(35) 
56 
(7) 
-0.058 
(0.003) 
10  1796 
(44) 
1393 
(85) 
52995 
(6305) 
966 
(24) 
63 
(5) 
-0.067 
(0.002) 
20  1784 
(55) 
1320 
(98) 
54081 
(5946) 
950 
(22) 
58 
(5) 
-0.062 
(0.003) 
30  1830 
(53) 
1340 
(94) 
53752 
(6912) 
978 
(23) 
66 
(5) 
-0.070 
(0.004) 
40  1779 
(46) 
1322 
(112) 
51214 
(5609) 
950 
(26) 
58 
(5) 
-0.064 
(0.002) 
50  1787 
(52) 
1296 
(101) 
54580 
(5616) 
950 
(22) 
58 
(5) 
-0.065 
(0.003) 
60  1778 
(45) 
1294 
(83) 
51706 
(4123) 
939 
(17) 
56 
(4) 
-0.064 
(0.002) 
70  1781 
(48) 
1283 
(131) 
52686 
(5902) 
948 
(20) 
58 
(4) 
-0.064 
(0.002) 
80  1791 
(51) 
1294 
(114) 
52043 
(4962) 
958 
(25) 
60 
(6) 
-0.067 
(0.003) 
90  1761 
(39) 
1291 
(131) 
53529 
(6421) 
949 
(20) 
58 
(4) 
-0.065 
(0.002) 174 
Table C.13.4 

Summary of ANOVA results for vertical stiffness (kvert), Subject 13. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  57704796  7  8243542  15.515  .0lD 
Within  1.66E+08  312  531316.4 
Total  2.23E+08  319 
Table C.13.5 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 13. 

,  2  3  4  5  6  7  8  9  10 
1  <.001  <.001  <.001  <.001  <.001  <.001  <.001  <.001  <.001 
2  <.001  - <.001  <.001  <.001  <.001  - -
3  <.001  .001  <.001  <.001  <.001  <.001  <.001 
4  <.001  <.001  <.001  <.001  - <.001 
5  - - - <.001  -
6  - - <.001  -
7  - <.001  -
8  <.001  -
9  -175 
Table C.14.1 

Kinematics and EMG Data for Subject 14. 

Step  Kvert  KROM AROM TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
G 
IEMG 
TA 
5  21,894 
(705) 
27.9 
(1.9) 
48.7 
(2.4) 
46.5 
(1.7) 
24 
(2) 
30 
(4) 
31 
(3) 
14 
(1) 
10  21,923 
(897) 
28.5 
(2.1) 
48.5 
(1.5) 
46.3 
(1.1) 
18 
(2) 
24 
(4) 
27 
(3) 
14 
(1) 
15  21,353 
(937) 
29.8 
(2.7) 
47.4 
(1.5) 
46.1 
(1.4) 
19 
(3) 
22 
(4) 
24 
(2) 
16 
(1) 
20  20,878 
(671) 
28.8 
(1.6) 
47.9 
(1.7) 
46.5 
(1.4) 
17 
(2) 
22 
(3) 
22 
(2) 
16 
(1) 
25  20,652 
(662) 
30.8 
(3.0) 
47.1 
(2.5) 
45.6 
(1.5) 
20 
(3) 
22. 
(2) 
22 
(1) 
16 
(1) 
31  20,325 
(605) 
28.7 
(2.1) 
44.5 
(2.8) 
44.2 
(2.2) 
18 
(3) 
24 
(4) 
22 
(2) 
18 
(1) 176 
Table C.14.2 
Stiffness Data for Subject 14. 
Time 
(min) 
Kleg 
(N/m) 
Kvert 
(nlm) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step Time 
(s) 
5  9230 
(392) 
21894 
(705) 
24.1 
(0.4) 
0.209 
(0.004) 
0.318 
(0.005) 
10  8796 
(455) 
21923 
(897) 
25.0 
(0.6) 
0.215 
(0.005) 
0.320 
(0.005) 
0.320 
(0.006) 
0.323 
(0.004) 
15  8395 
(498) 
21353 
(937) 
25.7 
(0.6) 
0.221 
(0.005) 
20  8031 
(336) 
20878 
(671) 
26.4 
(0.5) 
0.227 
(0.004) 
25  8070 
(313) 
20652 
(662) 
26.2 
(0.4) 
0.226 
(0.003) 
0.325 
(0.006) 
30  8012 
(413) 
20494 
(822) 
26.3 
(0.6) 
0.226 
(0.005) 
0.327 
(0.006) 
31  8022 
(326) 
20325 
(605) 
26.4 
(0.4) 
0.227 
(0.003) 
0.327 
(0.005) 
Table C.14.3 

Vertical Force Data for Subject 14. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1426 
(47) 
893 
(74) 
37462 
(8944) 
795 
(22) 
63 
(4) 
-0.065 
(0.002) 
10  1406 
(56) 
934 
(89) 
40057 
(10166) 
760 
(20) 
57 
(4) 
-0.064 
(0.003) 
15  1400 
(53) 
943 
(58) 
41880 
(5746) 
740 
(23) 
54 
(4) 
-0.066 
(0.002) 
20  1391 
(52) 
952 
(50) 
39756 
(5011) 
730 
(17) 
53 
(4) 
-0.067 
(0.002) 
25  1399 
(61) 
972 
(74) 
38309 
(3399) 
737 
(21) 
55 
(5) 
-0.068 
(0.003) 
30  1398 
(55) 
956 
(57) 
36746 
(5233) 
738 
(23) 
55 
(5) 
-0.068 
(0.003) 
31  1413 
(59) 
995 
(69) 
38288 
(4950) 
740 
(20) 
56 
(4) 
-0.070 
(0.003) 177 
Table C.14.4 

Summary of ANOV  A results for vertical stiffness (kvert), Subject 14. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  1.04E+08  6  17313283  29.521  .000 
Within  1.60E+08  273  586465.1 
Total  2.64E+08  279 
Table C.14.5 

Summary of ANOVA results for vertical stiffness (kvert), Subject 14. 

2  3  4  5  6  7 
1  - - <.001  <.001  <.001  <.001 
2  - <.001  <.001  <.001  <.001 
3  - .001  <.001  <.001 
4  - - -
5  - -
6  -178 
Table C.15.1 

Kinematics and EMG Data for Subject 15. 

Step  K vert  KROM  AROM  TROM  IEMG 
VM 
IEMG 
VL 
IEMG 
G 
IEMG 
TA 
5  20,508 
(788) 
27 
(2) 
53 
(2) 
48 
(2) 
18 
(2.0) 
25 
(3.6) 
23 
(1.6) 
22 
(1.7) 
10  20,505 
(597) 
30 
(2) 
54 
(2) 
48 
(1) 
15 
(2.1) 
20 
(2.9) 
22 
(1.8) 
23 
(1.6) 
15  20,794 
(673) 
31 
(2) 
52 
(3) 
47 
(2) 
17 
(2.3) 
21 
(2.9) 
20 
(1.5) 
23 
(2.1) 
20  20,733 
(664) 
33 
(1) 
53 
(2) 
48 
(2) 
16 
(3.4) 
18 
(3.0) 
20 
(3.2) 
24 
(2.4) 
25  20,555 
(604) 
32 
(1) 
54 
(2) 
48 
(1) 
19 
(1.9) 
20 
(0.8) 
23 
(2.5) 
25 
(2.3) 
30  21,099 
(691) 
32 
(1) 
54 
(1) 
50 
(2) 
15 
(1.4) 
20 
(2.1) 
19 
(1.2) 
25 
(1.8) 
35  20,760 
(667) 
31 
(2) 
52 
(2) 
49 
(1) 
17 
(1.3) 
20 
(1.4) 
21 
(1.6) 
25 
(1.4) 
40  20,370 
(1,157) 
33 
(1) 
52 
(4) 
53 
(2) 
17 
(1.9) 
21 
(1.7) 
23 
(1.2) 
25 
(1.9) 
45  20,238 
(731) 
32 
(2) 
54 
(2) 
51 
(2) 
19 
(3.3) 
22 
(1.9) 
24 
(2.8) 
26 
(2.0) 179 
Table C.15.2 
Stiffness Data for Subject 15. 
Time 
(min) 
Kleg 
(N/m) 
Kvert 
(n/m) 
Theta 
(deg) 
Foot 
Contact 
Time (s) 
Step 
Time 
(s) 
5  7700 
(328) 
20508 
(788) 
28.6 
(0.7) 
0.222 
(0.005) 
0.322 
(0.005) 
10  7586 
(202) 
20505 
(597) 
28.9 
(0.3) 
0.225 
(0.002) 
0.321 
(0.004) 
15  7593 
(243) 
20794 
(673) 
29.0 
(0.4) 
0.225 
(0.003) 
0.321 
(0.005) 
20  7538 
(171) 
20733 
(664) 
29.0 
(0.3) 
0.225 
(0.002) 
0.321 
(0.005) 
25  7557 
(192) 
20555 
(604) 
28.9 
(0.4) 
0.225 
(0.002) 
0.322 
(0.005) 
30  7549 
(217) 
21099 
(691) 
28.9 
(0.3) 
0.225 
(0.002) 
0.320 
(0.005) 
35  7415 
(254) 
20760 
(667) 
29.5 
(0.6) 
0.229 
(0.004) 
0.320 
(0.005) 
40  7545 
(117) 
20370 
(1157) 
29.2 
(0.1) 
0.227 
(0.001) 
0.324 
(0.001) 
45  7300 
(247) 
20238 
(731) 
29.6 
(0.6) 
0.230 
(0.004) 
0.324 
(0.006) 180 
Table C.15.3 

Vertical Force Data for Subject 15. 

Time 
(min) 
Active 
Force 
(N) 
Impact 
Force 
(N) 
Loading 
Rate 
(N/s) 
Average 
Force 
(N) 
Vertical 
Impulse 
(N·s) 
CofM 
Disp. 
(m) 
5  1339 
(34) 
945 
(79) 
37336 
(7425) 
714 
(21) 
50 
(5) 
-0.065 
(0.003) 
10  1339 
(33) 
907 
(61) 
37134 
(5929) 
704 
(20) 
49 
(4) 
-0.065 
(0.002) 
15  1331 
(30) 
882 
(56) 
37257 
(5500) 
700 
(19) 
48 
(4) 
-0.064 
(0.002) 
20  1319 
(27) 
853 
(65) 
39795 
(3841) 
698 
(16) 
47 
(4) 
-0.064 
(0.002) 
25  1328 
(29) 
838 
(72) 
36249 
(4273) 
701 
(19) 
48 
(4) 
-0.065 
(0.003) 
30  1306 
(28) 
852 
(50) 
39071 
(4973) 
692 
(14) 
46 
(3) 
-0.062 
(0.002) 
35  1329 
(26) 
826 
(58) 
37270 
(5676) 
686 
(17) 
45 
(3) 
-0.064 
(0.002) 
40  1356 
(21) 
884 
(3) 
44917 
(5775) 
720 
(16) 
53 
(4) 
-0.067 
(0.005) 
45  1329 
(25) 
821 
(58) 
37836 
(5289) 
689 
(18) 
46 
(4) 
-0.066 
(0.003) 181 
Table C.15.4 

Summary of ANOVA results for vertical stiffness (kyert), Subject 15. 

Sum of 
Squares 
df  Mean 
Square 
F  Sig. 
Between  29176624  8  3647078  7.983  .000 
Within  1.60E+08  351  456851.3 
Total  1.90E+08  359 
Table C.15.5 

Summary of ANOVA results for vertical stiffness (kyert), Subject 15. 

2  3  4  5  6  7  8  9 
1  - - - - <.01  - - -
2  - - - <.01  - - -
3  - - - - - <.001 
4  - - - - <.001 
5  .01  - - <.01 
6  - .001  <.001 
7  - <.001 
8  -